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ABSTRACT 
A study has been made of two deposits of Fe-Cu-Zn sulphide ores, 
from Gr¢sli and Eiker, in the Proterozoic Kongsberg Series of South 
Norway. The ores are located at the junction of acid-intermediate 
supracrustals and amphibolitized gabbros. The supracrustals underwent 
Upper Amphibolite facies metamorphism of Svecofennian age (1600 to 
1500 m.y.B.P.) and were then intruded by the gabbros which underwent 
subsequent Sveconorwegian (1200 to 1000 m.y.B.P.) metamorphism at 
~lid-Amphiboli te facies grade. 
The ore bodies were originally part of the supracrustal sequence, 
which was deposited as a volcano-sedimentary succession (with some 
hydrothermally altc:ced equivalents), similar to the KuroKo-type c1r.'posits 
of Japan. The ores have thus undergone both phases of h5[;h grade 
regional metamorphism. At Gr¢sli, the ores were partially incorporated 
in the gabbros prior to the later (Sveconorwegian) metar.lorphism, during 
which extensive shearing occurred throughout the ores at Eiker. 
The cores of the gabbroic intrusions retained original igneous 
mineralogies and textures, with progressive amphibolitization towards 
the peripheries. A subsequent Epidote-Amphibolite and later Greenschist 
facies grade overprint produced varying retrograde assemblages in the 
silicate rocks. Under Greenschist facies conditions, rejuvenation of 
the Sveconorwegian shear (at Eiker) caused brittle faulting, while fluid 
activity (at both Gr¢sli and Eiker) caused the formation of chlorite-
act ino.li te-carbo!)a.te assemblages around some of the ore bodies. Re-
nobilisation of ~he ore material itself was minimal. 
Studies of R00thermometry and geobarometry indicate that the ore 
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GENERAL INTRODUCTION AND REGIONAL GEOLOGY 
1.1 SCOPE OF THE PROJECT 
Detailed investigations have been carried out on two Fe-Cu-Zn 
sulphide ore deposits within the Kongsberg Series of the Fennoscandian 
shield. The relationships between the ore deposits and the surrounding 
Proterozoic rocks have been examined. 
To the west of the Phanerozoic Oslo Graben, the Precambrian of 
South Norway comprises three complexes; the large central block of the 
Telemark Series (Fig. 1.1) is bordered to the east by the Kongsberg Series 
and to the south-east by the Bamble Series. The Kongsberg and Bamble 
Series have been previously grouped together as the 'Kongsberg-Bamble-
formasjon' but whilst their geological history shows some similarities, 
they comprise somewhat different lithologies (Starmer 1977). 
The ore deposits studied both lie within the Kongsberg Series block 
(Fig. 1.2). The Gr~sli mine lies in the west of the Series about five 
kilometres frem the boundary with the Telemark Series. The Eiker mine 
is situated some twenty kilometres south-east of Gr~sli, three to four 
kilometres from the eastern boundary with the Oslo Graben. 
Detailed geological maps have been prepared for the areas around 
the Gr¢sli and Eiker mines. Data from twelve boreholes at Gr¢sli enabled 
a detailed interpretation of the sub-surface geology. Extensive sampling 
was also carried out: both surface and borehole samples were sectioned 
and polished for microscope studies. 
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trace elements. The silicate rocks were quantitatively analysed for 
thirteen traces (Cu, Zn, Cr, Ni, Co, Cd, V, Ce, Ba, Zr, Y, Sr and "Rb). 
The ores were analysed for eleven elements (Fe, Cu, Zn, Cr, Ni, Co, Cd,1'b, 
V, Mn and Ti). Analyses were performed by X-ray fluorescence spectro-
metry and plasma-arc spectrometry using international standards. 
Analyses of samples from Gr0s1i and Eiker using standard wet chemical 
methods were used to check results. 
Electron microprobe analyses of the ores were also carried out for 
geothermometric-geobarometric studies (Chapter Ten). In addition 
electron microprobe analyses of silicates (olivines, pyroxenes, amphi-
boles, biotites, chlorites and garnets) were carried out to determine 
their exact composition. 
Chapters Two to Nine include the presentation of the data from 
each mine in turn. Chapter Ten discusses the temperatures and pressures 
of the metamorphism of the ore deposits. Chapter Eleven reviews 
possible origins of the ore deposits in relation to theories of ore 
deposition. Chdpter Twelve compares the environments of Proterozoic 
and Phanerozoic ore formation and analyses the spatial relationships 
between the two ore bodies studied. 
1.2 GENERAL REGIONAL GEOLOGY 
Early studies on the rocks in the Kongsberg Series were carried 
out by C. Bugge (1917) and A. Bugge (1937). These were later summarized 
by J. Bugge (19l~3). Recent work has been carried out in the south-
western and western parts of the Series and across the junction with 
the Telemark Series (Starmer, 1977, 1979). 
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The Kongsberg Series comprises a group of supracrustal gneisses 
with major intrusive granitic, dioritic and basic lithologies of 
different ages. The oldest rocks have been affected by Svecofennian, 
Upper Amphibolite grade metamorphism. The Series was subsequently 
cataclased (especially in the western part) and then suffered 
Sveconorwegian Mid-Amphibolite facies metamorphism. 
Descriptions of the lithologies have been approached in various 
ways by different workers. A. Bugge (1937) described the supracrustal 
lithologies and the younger intrusives ('Yngre eruptivbergarter'), 
comprising 'Vinor' dolerites, olivine hyperites and gabbros, together 
with granites and pegmatites. 
J. Bugge (1943) introduced a concept of a 'metamorphic climax' 
or 'migmatization period' to divide the 'Young' and 'Old' rock groups. 
The 'Old Complex' consisted of metasediments and metavolcanics (quartz-
ites, micd schists, sillimanite gneisses, limestones, banded gneisses 
and 'effusives') and early intrusives ('plutonics') together with later 
gabbroic bodies ('hyperites'). Metamorphism and metasomatism then 
migmatized all these rocks to produce the 'Young Complex'. Bugge used 
examples largely from the Bamble region on the Skagerrak coast, but 
stated that "in the Kongsberg formasjon we find all connecting links 
between 1:he metamorphic and migmatic rocks". Rocks of the 'Old Complex' 
were progressively granitized and boundaries between acid and basic 
gneiss bands became obliterated, "with acid ptygmas developed in 
amphibolites". Granites were also produced by ascending 'ichol's' 
rich in silica and alkalies. 
At the western margin of the Kongsberg Series, A. Bugge (1937) 
noted that; "A great friction breccia, 100 to 300 metres wide, locally 
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even wider, marks the boundary between the Telemark formation and 
the Kongsberg formation. Along the breccia great upthrusts have 
occurred, bringing the Kongsberg formation, which is presumably the 
older, on a level w.i.th the younger Telemark formation". Starmer 
(1977, 1979) has shown that a more fundamental division exists in 
the west, where a mylonite zone, often exceeding lkm in width, trends 
in a N-S direction. The so-called 'friction breccia' is a late 
brittle fracturing concentrated largely around the mylonite zone. 
1.3 LITHOLOGIES OF THE KONGSBERG SERIES 
1.3.1 The variable quartz-plagioclase-biotite gneisses 
These supracrustals are suggested to represent mixed metavolcanics 
and metasediments (A. Bugge, 1937). They show all modal variations; 
hornblende and epidote minerals may be major constituents. Almandine 
and muscovite are also common. The gneisses to the west of Kongsberg 
are generally quartz-rich and, in the Gr¢sli area, are often bi-mineralic 
quartz-feldspar rocks. East of Kongsberg, the rocks are generally 
coarser with biotite and hornblende becoming more dominant. Rocks in 
the west are frequently cataclased and, in the extreme cases, mylon-
itized. Effects become weaker eastwards, away from the mylonite zone, 
with sporadic effects restricted to narrow zones (Starmer, 1977). 
J. Bugge (1943) described the rocks as dacitic gneisses and 
alternating dark and light bands consisting of amphibolites, biotite 
qU3rtzites, dioritic and granitic gneisses. He considered these 
rocks to be the oldest in the 'Konsberg formasjon'. These variable 
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gneisses are described more fully in Chapters Three and Seven. 
1.3.2 The hornblende gneisses 
These rocks form major bands only to the south-west of Kongsberg. 
Elsewhere (including the Eiker area) these rocks occur as thin 
discontinuous bands in the variable gneisses. They are interpreted 
as basic volcanics and vary from plagioclase-rich amphibolites to 
hornblende-rich quartzose gneisses. 
1. 3. 3 The 'Fahlb~nds' 
These are 'rust zones' occurring within the supracrustals. (This 
term originated from the old German miners word, 'FaIle', meaning 
rust). When weathered these zones are very friable due to the de-
composition of sulphide minerals (mainly disseminated pyrite) present 
in the rock. They occur over the whole of the Kongsberg Series, but 
are noticeably absent in the Gr~sli region. At several localities 
around Kongsberg, the fahlb~nds may have acted as 'fixers' of metallic 
elements present in the basic 'Vinor' magmas. 
1. 3.4 The amphibolites and dioritic gneisses 
The dioritic gneisses appear to be restricted to the south-west 
of the Kongsberg Series. They are equivalent to the 'plutonics' of 
J. Bugge (1943) who described them as gabbro-diorites, quartz-hornblende 
diorites and quartz-bioTite diorites. He suggested that they may be 
'dior'itic difft2rentiates' of basic magmas. West of Kongsberg, the 
dior'itic gneisses contain no major amphibolite bands. Their mineralogy 
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is plagioclase-hornblende-quartz with biotite, almandine and epidote 
often present. Although similar in mineralogy to the hornblende gneisses, 
they are much coarser and less foliated except where cataclased. 
East of Kongsberg, amphibolites dominate over dioritic gneisses but 
the two rock types are often associated in the same bodies, suggesting 
a genetic affinity. Margins between the two types can be either sharp 
or gradational. 
1. 3.5 The 'Vinor' basic intrusives 
This group of intrusions were named the 'Vinordiabas' l'ocks by 
A. Bugge (1937). Their petrology is similar to that of the 'hyperites' 
of the Bamble Series along the Skagerrak coast. They comprise a 
number of basic injections which formed stocks bosses and dykes, during, 
and after, the waning stages of the major cataclasis that occurred 
in the west of the Kongsberg Series. They have been amphibolitized 
to varying degrees and are intruded into the supracrustals with the 
largest bodies occurring in the area around Gr¢sli. The Gr¢sli m~ne 
is situated on the margin of one such large body, where a sequence of 
injection phases consisted of early olivine gabbros and gaLbros, with 
subsequent more hydrous gabbros and very late, fine grained amphibolite 
dykes. 
A feature which occurs extensively in the Gr¢sli area, but rarely 
elsewhere in the Kongsberg Series, is the mobilization of the acidic 
supracrustal gneisses; these have intruded the basic rocks, forming 
veins and stock-works. The latest 'Vinor' intrusives (a series of 
dykes) cross-cut the mobilized gneisses and intrude the supracrustals 
both concordantly and discordantly. In the Eiker district, all of 
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the intrusive basic bodies are thoroughly amphibolitized. 
1.4 STRUCTURE OF TrlE KONGSBERG SERIES 
The foliation and litho-banding of the Kongsberg Series has a 
predominant N-S strike and vertical to steep easterly dip. In the 
western part of the Series, there are no major folds. Minor isoclinal 
folds with axial planes parallel to the regional foliation are present 
and may be due to the movements which produced the cataclasis. Other 
folds, outside the cataclased areas, do not have axial planes in the 
foliation and may be earlier. The pre- and syn-cataclasis fabrics 
have b8en folded by later, open concentric folds which also affected 
the 'Vinor' dykes. Supracrustals tended to be bent around the relatively 
competent, larger 'Vinor' bodies; this effect is well seen at both the 
Gr¢sli and Eiker mines (see Chapters Two and Six). 
1.S SHEARING AND METAMORPHISM OF THE KONGSBERG SERIES 
Three phases of shearing have been recognized (Starmer, 1977). 
The earliest and most severe was the cataclasis that formed the mylonite 
zone in the west and diminished eastwards into less strongly sheared 
rocks in narrow zones. Cataclasis occurred before and in the early 
stages of the Sveconorwegian orogeny. After the climax of this orogeny, 
lower grade metamorphism heavily overprinted the western rocks with 
Epidote-Amphibolite and Upper Greenschist facies assemblages. However, 
eastwards this effect diminished and the rocks retained their higher 
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grade assemblages (e.g. the sillimanite and almandine-hornblende 
bearing rocks at Eiker). 
A second period of movement produced the 'friction breccia'. 
Movements were again concentrated in the west and occurred under Mid 
to Lower Greenschist facies conditions. They were brittle movements 
and accompani~d by little or no recrystallization. The brittle fractures 
in the shear zone at Eiker may be of this age. Finally, late Pre-
cambrian fractures developed at Lower Greenschist facies grade along 
well defined N-S fault planes. A number of Phanerozoic movements 
formed new faults dnd re-activated earlier shears. 
1.6 THE OSLO GRABEN 
Cambro-Silurian sediments of the Oslo Graben cover the easter'n 
margin of the Kongsberg Series (Fig. 1.1). A Bugge (1937) considered 
that the junction was faulted in the south. Although there are many 
faults near the junction of the Oslofelt, the sediments actually lie 
unconformably on the Precambrian Kongsberg Series. 
The Oslo Graben was tilted about 150 to the south-east in 
Phanerozoic times (Starmer 1977). This resulted in re-activation of 
some Precambrian faults, the formation of new faults parallel to the 
Oslo Graben margin and the development of concomitant E-W trending 
conjugate fractures. Two kilometres to the north of the Eiker shear 
zone (which trends N.E.-S.W.), is a fault zone trending E-W which was 
mineralized in the Permian. These two shears may represent conjugate 
faults which suggests movement of the Eiker shear during the Phanerozoic. 
Hydrothermal veining, linked with Permian activity of the Oslofelt, 
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occurred extensively in the Kongsberg Series. Quartz-calcite-fluorspar 
veins often trend approximately E-W. Where they have crossed 'fahlbgnds', 
native Ag is associated with eu, Zn, Fe, Ag and Pb sulphide mineral-
ization in many workable deposits. 
The geological history of the Kongsberg Series has been summarized 
by Starmer (1977) and has been reproduced in a modified form in Table 1.1. 
Although there are differences in the lithologies from east to west in 
the Kongsberg Series, the general metamorphic history is the same through-
out the region. 
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TABLE 1.1 
SUMMARY OF EVENTS IN THE KONGSBERG SERIES 
(Modified after Starmer, 1977) 
EVENTS METAMORPHISM 
SUPRACRUSTALS: Variable quartz-plagioclase-
biotite gneisses. Hornblende gneisses. 
DEFORMATION: Minor isoclinal folds. 
INTRUSIONS: Now fo:nning amphibolites and 
dioritic gneisses. 
FOLDING: Regional fabric developed; minor 
isoclines with axial planes in foliation. SVECOFENNIAN 
GRANITIZATION: Fo:nning granitic rocks east Upper Amphibolite facies. 
of Kongsberg. 
CATACLASIS and syn-
BASIC 'VINOR' tectonic recrystal-
GRANITES INTRUSIONS lization 
SVECONORWEGIAN 
west of gneiss 




Severe overprinting Epidote-Amphibolite 
in west facies. 
---------------------------
GRANITES: West of Kongsbepg Upper Greenschist 
FOLDING: Open concentric folds facies 
---------------------------
, FIUCTION BRECCIA' i1id-Lower Greenschist 
Late Precambrian faults Lower Greenschist 
---------------------------
Phanerozoic sediments 
Tilt ing and formation of Oslo Graben 
Permian intrusives and hydrothermal activity. 23 
CHAPTER TWO 
LITHOLOGIES, STRUCTURE AND AGE RELATIONSHIPS AT GR0SLI 
2.1 THE GABBRO-SUPRACRUSTAL CONTACT 
The Gr¢sli mine is situated in the west of the Kongsberg Series, 
five kilometres east of the junction with the Telemark Series (Fig. 1.2) 
from which it is separated by a major mylonite zone. Sulphide mineral-
ization occurs across the contact of coarse-grained, leucocratic, supra-
crustal gneisses with coarse-grained gabbros and foliated/non-foliated 
amphibolites (the 'Vinor' intrusives). 
Twelve boreholes were drilled, their location being based on the 
data from a very low frequency (V.L.F.) survey (Fig. 2.2). Fig. 2.3 
has been drawn to show the borehole data as clearly as possible. A 
surface geological map (Fig. 2.1) and isometric block diagram (Fig. 2.4) 
show the relative positions of the boreholes and their relationship to 
the surface geology. As shown in Fig. 2.3 the gabbro-supracrustal 
contact is complex with much interpenetration. The contacts trend 
approximately north-south in all cases. Fig. 2.4 shows a continuous 
series of north-south apophyses from the roof of the gabbro, with inter-
vening gneisses and the 'Vinors' sometimes breaking through the present 
erosion surface. It is emphasised that these do not represent folds 
but elongate intrusive shapes with long axes north-south. 
An alternative interpretation of the intrusion shapes is shown 
for boreholes 1, 7 and 10. Berthelsen (1970) suggested the term 
'globulith' for such lobate intrusions of basic rock into the plastic 
gneisses of the ~loss area, south-east Norway. Starmer (1979) has noted 
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these structures in a few places in the northern and western continu-
ations of the large Vinor gabbro body at Gr¢sli. In all exposures, 
the strike and dip of the gneisses is sub-concordant to that of the 
'Vinor' bodies. Rare, thin, amphibolite veins cross-cut the gneiss 
foliation for 10-20 cm from the contact and occasional xenoliths of 
gneiss are present within the 'Vinor' bodies. 
Junctions are sharp and of two types. Some are an interfingering 
of 'Vinor' and gneiss bands (5 to 50 cm wide) concordant with the 
foliation of the gneisses. Other junctions consist of angular blocks 
of gabbro separated by veins of mobilized gneiss material (Fig. 2.5). 
In the latter, gneisses have been mobilized by the increased heat flow 
and fluid-vapour activity associated with the intruding 'Vinor' bodies, 
which they have back-veined. 
2.2 THE SUPRACRUSTALS 
These are dominantly leucocratic, coarse-grained rocks which have 
a general dip of 600 east to vertical with rare westerly dips. The 
rocks are poorly to well-foliated, depending on the amount of biotite 
present. In the immediate vicinity of the Gr¢sli mine, quartz rich 
rocks dominate to the east of the gabbro contact. In this zone, 
amphibolite bands, which are obviously part of the supracrustal sequence, 
are extremely rare and always less than 5 cm thick. Further east, these 
bands become thicker and more numerous. Starmer (1977) considered the 
foliations in the gneisses of the Kongsberg Series to be transposition 
structures, therefore masking the original stratigraphic banding. 
Transposition could well result in the present foliations being at 
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FIG. 2 . 5. Back veining of gabbro by mobilized gneiss . 
FIG. 2 . 6 . Metagabbro dykes intruded into coronite . 
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high angles to the original bedding direction (Hobbs, Means and 
Williams, 1976). For this reason, apparent isoclinal fold axes have 
not been included on Fig. 2.1. 
Granitization and microcline porphyroblastesis, common features 
in the Telemark Series, are rare within the Kongsberg Series gneisses 
and absent in the gabbro body, which apparently intruded after these 
processes. Gneisses now close to the gabbro bodies have a higher 
biotite content than elsewhere, possibly due to the diffusion of iron 
out of the basic body. The biotites formed in this manner can be 
distinguished from supracrustal biotite by their greater size and more 
random orientation. 
Large open folds and flexures were produced after the consolidation 
of the gabbro bodies and developed concordant foliations in gneisses 
adjacent to gabbro outcrops. This effect is due to the fact that the 
gabbros presented a competent mass around which the more plastic gneisses 
could be moulded. To the east, away from the 'Vinor' gabbro bodies, . 
deformations of the same age have produced large amplitude folds with 
gently dipping axes. 
2.3 THE 'VINOR' GABBROIC INTRUSIVES 
Three separate phases of intrusion can be identified, the first 
stage constituting the majority of the 'Vinor' body around the Gr¢sli 
mine. This earliest stage is now represented by coronite, exposed in 
the centre of the basic bodies (Figs. 2.1 and 2.3). More water rich 
dykes intruded the earlier gabbro and now exhibit both sharp and 
diffuse contacts (Fig. 2.6). These dykes vary from heavily serpenti-
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nized gabbros to metagabbros. The formation of most of the metagaBbro 
in the area however, is due to the metamorphism of coronite. In both 
surface and borehole geology, there is a gradation outwards in the 
body from coronite to metagabbro and finally amphibolite, indicating 
progressive metamorphism. Very often, the amphibolite at the junction 
with the gneisses has a very strong foliation which becomes less intense 
towards the interior. This amphibolite is often biotite rich as a 
result of the diffusion of potassium from the gneisses. In a few 
localities, garnet-biotite-chlori te and actinolite-ch!.ori te schists 
have been produced at the 'Vinor' margin(for a maximum width of two 
metres)and are due to later (Greenschist grade) movements along the 
contacts. 
Contamination by mobilized gneisses has led to the production of 
more felsic or dioritic rock, at the margin, and sometimes persisting 
for several metres inwards (Fig. 2.7). These rocks have not been 
represented on the maps since they are highly irregular in development 
and of low volume. The latest stage of basic intrusion is represented 
by small, fine grained amphibolite dykes with sharp margins. They are 
rare and have not been found at the surface but occur in a few borehole 
sections. These dykes cross-cut the previous two intrusive phases, 
their metamorphic derivatives and the mobilized gneiss veins. They 
also cross-cut massive sulphides (which have not been mobilized by 
later fluids) within the 'Vinor' gabbro body, and can be seen to carry 
trails of are fragments. These dykes are, however, traversed by several 
metamorphic segregational features. In both amphibolite and metagabbro 
bodies, zones of sadie plagioclase and actinolite rock were sweated-out 
of the parent. In some places, these segregations form ptygmas, but 
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FIG . 2. 7. Mobilized gneiss vein and dioritic metagabbro. 
FIG . 2 . 8 . Segregational pegmatite veins intruded into metagabbro . 
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also occur as veins which cross-cut the rocks with both sharp and 
diffuse boundaries. At the surface they form pegmatitic veins from 
1 cm to 1 m across. At least two phases of these metamorphic segreg-
ations are discernible in the field (Fig. 2.8). A small scale feature 
of the 'Vinor' rocks is the presence of large garnet porphyroblasts 
which have grown over the foliations of some of the amphibolites. 
The actual shape of the 'Vinor' gabbro bodies is difficult to 
determine from the borehole data. It is evident that the intrusion lS 
of complex shape and not related to any fold geometry, as is to be 
expected since intrusion occurred into country rocks at elevated 
temperatures at the start of the Sveconorwegian metamorphism. In the 
~loss area of south-east Norway, gabbros intruding heated country rocks 
were called 'globuliths' by Berthelsen (1970). He defined the term as 
"an intrusive body or a group of closely associated bodies of globular 
or botryoidal shape and with almost concordant contacts resulting from 
the effects of the intrusion(s) on its/their immediate surroundings". 
He assumed that the gneisses were pre-heated under high water vapour 
pressure so that they were close to the conditions of anatexis. This 
assumption was made because even small bodies had anatexis at their 
margins; considered to be due to the heat given off by the solidifying 
magma. He stated that 'contact deformation' was caused in the supra-
crustals by stress differences directly due to the specific intrusive 
mechanism of the globuliths and that the plastic style of the structures 
may have been brought about by the softening of wall rocks by contact 
anatexis. Obvious similarities can be drawn wlth the Gr¢sli area 
structures although there are also major differences. Partial anatexis 
has occurred, but only on a minor scale and with a body as large as the 
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Gr¢sli gabbro, a great deal more gneiss mobilization would be expected 
with Berthelsen's model. Water was definitely not present in large 
amounts to promote anatexis or to cause swelling of the magma to form 
globulithic shapes. In fact, a paucity of water is indicated by the 
presence of quite large volumes of coronite still preserved. Berthelsen 
himself stated that there is no definite method of identifying the 
concordant structure of the gneisses as 'contact deformation' features 
rather than later superimposed foliation. 
2.4 THE ORE DEPOSIT 
The pyrrhotite-pyrite-sphalerite-chalcopyrite ore occurs either 
as massive deposits or as impregnations in both gneisses and 'Vinor' 
intrusives. The only large deposit exposed at the surface is in the 
north of the area, at the disused Gr¢sli mine (Fig. 2.9). The ore 
body is located on the top of a rounded Vinor gabbro, mainly within 
the gneisses but also impregnating the gabbro itself. 
There is no definite axis of ore concentration. This is to be 
expected in rocks which were undergoing high-grade regional metamorphism 
and behaved differently to those found in higher level tectonic environ-
ments (e.g. the Caledonides). The zone of mineralization becomes deeper 
southwards and since there ~no recorded ore outcrops to the north 
of the mine there may be a very broad 'axis' of ore deposition dipping 
southwards at 200 to 300 • In this case to the north of the mine, the 
'axis' would be above the level of erosion and would be at progressively 
greater depths southwards. This zone is not continuous in ore grade 
along its length. The massive ore bodies (60-100% modal ore) are 
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FIG . 2.9 . Massive are exposed at the surface in the disused Gr~sli mine . 
FIG . 2.10. Shear zone in wall of Gr¢sli mine. 
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discontinuous both horizontally and vertically and appear to be 
irregularly lensoid or more roughly spherical in shape. In the mine, 
one feature of the hetrogeneity is the encrusting of host rock xeno-
liths producing what appears to be a massive outcrop, but which is in 
fact a thin veneer only 2-3 cm thick. Hetrogeneity of the ore, and 
the depth to which the zone appears to plunge, would cause severe 
problems in mining. The only other evidence of mineralization at the 
surface is gossan or 'hardpan' in the south of the area (Fig. 2.1) with 
2 an outcrop area of less than 1 m • 
Host rock alteration associated with the ore bodies is variable 
and may be absent. Where present, the adjacent ore body is either 
within the gneisses or situated close to their junction with the gabbro 
bodies. Ore bodies deeper within the gabbros have no wall rock alter-
ation. The alteration minerals are dominated by chlorite with sub-
ordinate white micas and accessory calcite, magnetite, quartz and 
spinel. The altered rock is pale green or grey-green in hand specimen 
and the original parent is often difficult to identify although the 
presence of substantial quantities of primary quartz and garnet are 
indicative of a Vleiss. The alteration is very localized and nowhere 
does it extend more than ten metres from a massive ore body, even when 
dissemination is present in the host rocks. This fact will be considered 
later in discussion of relative age relations between ore and wall rock 
alteration (Chapters Three and Eleven). A small number of quartz veins 
containing sulphides cross-cut the alteration zones as well as the ore 
bodies. 
A late brittle shearing event, localized in the north of the area, 
is recorded only at the mine. A shear (dipping 45° east to sub-horizont-
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ally) reflects upthrusting of gneisses from the east over the ore body 
(Fig. 2.10). The displacement was several metres and a fault-breccia 
up to 1 m wide containing gneiss fragments and oxidised sulphide 
material has been formed. This shearing event is probably of the same 
age as the minor movements along the gabbro junction which produced the 
biotite-chlorite schists. 
2.5 RADIOt'1LTRIC DATING 
O'Nions and Heier (1972) presented Rb-Sr isochrons for supracrustals 
of the Kongsberg area about 25 km south of the Gr¢sli mine area. They 
concluded that the supracrustals were metamorphosed at least twice; 
during the Svecofennian orogeny (1700 ~ 100 m.y.B.P.) and during the 
lower grade Sveconorwegian orogeny (1260 ~ 40 m.y.B.P.). Jacobsen 
and Heier (1978) determined Rb-Sr isochrons for some rocks from the 
Kongsberg series, including a sample of supracrustal quartz-plagioclase 
gneiss (12 km east of Gr¢sli) and five analyses from the 'Vinor' body 
associated with the Gr¢sli mine. They deduced an age of 1600-1500 m.y.B.P. 
for the Svecofennian orogeny and an age of 1200-1100 m.y.B.P. for the 
sveconorwegian event. The intrusion ages of the gabbroic 'Vinor' bodies 
were placed between 1370 and 1070 m.y.B.P. with the main intrusions 
probably occurring from 1370 to 1200 m.y.B.P. The 'Vinors' thus appear 
to have been intruded prior to, or synchronously with the commencement 
of the Sveconorwegian orogeny. 
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2.6 HETAl10RPHISM OF THE 'VINOR' GABBROIC BODIES 
From field evidence, several observations can be made concerning 
the history of the basic intrusives. The major intrusion was largely 
derived from an early injection phase (now forming coronites) with 
minor additions at later stages. In the major gabbro body, the effects 
of subsequent metamorphism decreased progressively imlards with a 
sequence of decreasing hydration (amphibolitization) indicating a 
I 
limited access of water. A paucity of water would be expected since 
the supracrustals had undergone a previous high-grade metamorphic event 
and would therefore be essentially an11ydrouso The initial metamorphism 
of the gabbros was probably fairly soon after, or perhaps synchronously 
with, their emplacement, during the Sveconorwegian orogeny. 
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CHAPTER THREE 
PETROLOGY OF THE SILICATE ROCKS AT GR0SLI 
3.1 THE CORONITES 
These gabbroic rocks have retained their primary igneous mineralogy 
and textures, with the development of narrow coronas between olivine 
and plagioclase and around magnetite. The majority of the metagabbros 
and amphibolites of the mine area have developed from metamorphism of 
these intrusives. The rocks are all either gabbros or olivine &abbros, 
with clinopyroxene dominant over orthopyroxene. Textures are usually 
sub-ophitic (Fig. 3.7) and occasionally ophitic, but orthocumulate 
textures are also present, with olivine and plagioclase forming the 
cumulate and pyroxenes the intercumulate fractions. Olivines are often 
idiomorphic (up to 7mtn long) and are usually partially enclosed by plagio-
clase laths (up to 9mm long), although olivine sometimes encloses plagio-
clase. Xenomorphic magnetite and ilmenite (up to 3mm across) usually 
enclose both olivines and plagioclases, whilst pyroxenes (up to 2cm2) 
surround all other minerals. Pleonaste and apatite occur as accessory 
minerals. 
3.1.1 Olivine 
Four representative analyses of specimens ranging from hyalosiderite 
to hortonolite (Fa48 _54 ) are presented in Table 3.1. The olivines 
3how all stages of progressive deuteric alteration. Often the crystals 
are unaffected except for cracking, which contains iron oxides. The 
more extensive replacements involve iddingsite, antigorite, talc and 
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TABLE 3.1 
ELECTRON MICROPROBE MINERAL ANALYSES 
1 2 3 4 5 6 
Si02 35.61 35.80 
35.01 34.98 54.78 54.92 
Ti02 0.01 0.00 0.00 0.00 0.07 0.12 
A1203 0.00 0.00 0.00 0.12 
0.6] 0.56 
MgO 21. 54 20.49 22.42 23.94 26.18 25.85 
FeO 40.88 42.43 41.01 39.93 18.02 18.03 
MnO 0.59 0.65 0.79 0.58 .0.52 0.63 
CaO 0.02 0.02 0.03 0.02 0.31 0.83 
Na20 0.00 0.00 0.00 0.04 0.62 0.56 
K20 0.00 0.00 0.00 0.02 0.00 0.00 
Cr203 0.01 0.00 0.00 0.00 0.00 0.00 
TOTAL 98.66 99.39 99.26 99.63 101.11 101.50 
FeO = Total iron as FeO 
Analysis 1 to 4. 01ivines in coronitic gabbro. 
5 and 6. Orthopyroxene coronas around olivines in coronitic 
gabbro. 
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carbonates. Some crystals are almost entirely replaced by iron oxides 
(Fig. 3.1). Coronas developed around the olivines are unaffected by 
this alteration and are a later phenomena (Fig. 3.2). Double coronas 
are extensively developed and single rims are uncommon. The ubiquitous 
innermost rim is narrow (0.05 - O.lmm wide), aud composed of ortho-
pyroxene. Two microprobe analyses (Table 3.1) produced compositions 
of hypersthene (£n59 ). A second corona of green or green-brown amphibole 
is frequently present with a columnar crystal development perpendicular 
to the first rim: it is usually 0.1 - 0.2mm in width and larger than the 
inner corona. These outer rims often have vermicular or dendritic 
structures which have been previously described as a symp18ctic spin81-
amphibole intergrowths (Starmer, 1969). Analyses of two such amphiboles 
showed honlblende compositions (Table 3.2). 
A third and much less continuous rim, which is often associated 
with the olivines, is an intergrowth of vermicular sodium feldspar in 
a host of potassium feldspar (Fig. 3.3). Where the intergrowth is 
associated with the coronas it can occur instead of the outer amphibole 
rim or can be sandwiched between the two, indicating a contemporaneous 
formation with the other coronas. 
Sederholm (1916) believed that coronites owed their origin to 
regional metamorphism. Mason (1967) also concluded that they are the 
product of a metamorphic reaction between olivine and the surrounding 
plagioclase. In some cases, late hydrothermal veins have cut the 
coronites and the fluids have totally altered the olivines to serpent-
inite and chlorite. In these cases, the coronas have also been affected. 
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FIG. 3.1 . Serpentinized olivine adjacent to unaltered clinopyroxene 
(containing exsolved rutile and magnetite) . PPL. X12.S . 
FIG. 3.2. Inner orthopyroxene and outer amphibole coronas developed 
around serpentinized olivine against plagioclase. PPL . X3l.5. 
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TABLE 3.2 
ELECTRON MICROPROBE MINERAL ANALYSES 
1 2 3 4 5 6 
Si02 42.27 40.39 
53.18 53.67 52.59 52.90 
Ti02 0.19 0.07 
0.94 0.31 0.53 0.75 
A1203 18.46 
17.84 0.78 0.85 2.22 2.79 
MgO 14.91 10.88 24.11 23.51 14.42 14.78 
FeO 8.48 12.59 18.43 18.50 9.70 10.59 
MnO 0.20 0.17 0.55 0.42 0.23 0.20 
CaO 10.70 11.03 2.13 2.54 19.75 17.57 
Na20 3.61 
2.15 0.30 0.60 0.56 0.47 
K20 
0.98 1.07 0.00 0.01 0.01 0.08 
Cr203 0.00 
0.00 0.04 0.00 0.01 0.04 
TOTAL 99.80 96.19 100.46 100.41 100.02 100.17 
FeO = total iron as FeO 
Analysis 1 and 2. Amphibole rim around olivines in coronitic gabbro. 
3 to 6. Pyroxenes in coronitic gabbro. 
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TABLE 3.2 (contd.) 
ELECTRON MICROPROBE MINERAL ANALYSES 
7 8 9 10 11 12 
Si0
2 
53.06 53.57 51.12 40.89 51.67 40.69 
Ti02 0.50 
0.26 N.D. N.D. N.D. N.D. 
A120 3 1.44 
0.71 2.69 17.48 3.31 16.82 
MgO 13.24 20.28 15.38 6.23 15.62 8.26 
FeO 9.19 23.16 17.97 18.70 15.98 17.99 
MnO 0.22 0.51 0.41 0.15 0.18 0.16 
CaO 21.53 1.48 10.21 11. 34 10.51 11.30 
Na
2
0 0.32 0.00 0.17 2.01 0.21 2.08 
K20 0.03 0.01 0.04 1.24 0.07 0.52 
Cr20 3 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 99.53 99.98 97.99 98.04 97.55 97.82 
fcO = total iron as teO 
N.D. = not determined. 
Analysis 7 and 8. Pyroxenes in coronitic gabbro. 
9 and 10 ) Core and rim amphibole pairs pseudomorphing 
) 
11 and 12 ) pyroxene in coronitic gabbro. 
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3.1. 2 Plagioclase 
Crystals occur as idiomorphic laths and exhibit polysynthetic 
twinning on the pericline and/or albite laws. Carlsbad twinning may 
be combined with either or both. The laths usually have normal zoning, 
but sometimes show reverse or oscillatory effects. Most of the laths 
are of labradorite composition but the maximum measured variation in 
one crystal was An66- 37 • The laths show two types of clouding. The 
first type appears as a light dusting of opaques. Deer, Howie and 
Zussman (1963) state that this dusting is magnetite, ilmenite or hematite 
with silicates such as garnet, biotite and hornblende. Starmer (1969) 
noted that the clouding disappears on the more sodic edges of many 
zoned crystals in contact with coronas and considered that this was 
due to the resorption of the dust to form amphibole. The second type 
of clouding (Fig. 3.4) is much denser and is due to hydrous alteration 
forming sericite in plagioclase. Within the coronites, this ,alteration 
is not widespread and is generally restricted to the more calcic cores 
of the laths. 
3.1. 3 Pyroxenes 
Primary clinopyroxenes dominate over orthopyroxenes in the coronites 
of the Gr¢sli area. The orthopyroxenes are clean crystals with few or 
no inclusions but the clinopyroxenes show varying degrees of clouding 
caused by the exsolution of rutile and magnetite along crystallographic 
planes (Fig. 3.1). Rarely, thin lamellae of a second clinopyroxene 
(pigeonite) have exsolved. Microprobe analyses of three orthopyroxenes 
and thr'ee clinopyroxenes gave hypersthene and augite compositions 
respectively (Table 3.2). The pyroxenes have often developed very thin 
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FIG . 3. 3. Serpentinized olivines with a discontinuous corona of vermi-
cular sodium feldspar in a host of potassium feldspar. PPL . 
XSO. 
FIG. 3.4. Heavy dusting of plagioclase due to sericitic alteration . 
PPL . X12.S. 
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coronas (O.03mm thick) of green, green-brown or brown amphibole or 
of biotite (Fig. 3.5). These coronas are usually incomplete and only 
occur where pyr'oxene is adjacent to plagioclase. The rims are con-
tinuous around adjacent crystals of pyroxene and olivine and are thus 
contemporaneous with the outer corona of the olivines. Starmer (1969) 
stated that the thinner rim around the pyroxene was due to near stability 
of the pyroxene-plagioclase assemblage, where access of water was 
inhibited. 
:3.1. 4 Magnetite 
There are two modes of occurrence in the coronites, as primary 
magmatic precipitates and as alteration products within olivines 
(Fig. 3.6). Biotite forms coronas around magnetite (up to O.3mm thick) 
and is usually red-brown with no distinct cleavage or crystal habit. 
A second corona of green amphibole is often presellt and both coronas 
may be incomplete. Magnetite often contains exsolution lamellae of 
ilmenite. More rarely, discrete ilmenite grains occur and contain 
exsolution blebs of rutile. 
3.1. 5 Sulphides 
In coronites with sulphide concentrations exceeding accessory 
amounts, the original mineralogy generally shows signs of early 
amphibclitization. The olivines in many sulphide bearing coronites 
are totally replaced, but often the orthopyroxene rim can be identified 
in various stages of alteration, whilst the amphibole rim may Le 
unaffected. Corona development occurred after the introduction of 
the bulk of the sulphides which themselves post-dated the crystallization 
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FIG . 3.5 . 
FIG . 3 . 6 . 
Biotite corona around clinopyroxene adjacent to plagiocla se . 
PPL. X50 . 
Primary magmatic magnetite (with biotite coronas) and secondary 
magnetite (vermicular form with orthopyroxene rims) associated 
with altered olivine (brown on photo). PPL. X12.5 . 45 
of the early primary magmatic minerals. Magnetite is often veined 
by chalcopyrit8 and less frequently by pyrrhotite. 
Sulphides also show extensive embayment and replacement of 
magnetite, penetrating along the octohedral cleavage directions. The 
sulphides commonly display double coronas: an inner rim of biotite 
and an outer rim of green amphibole. This outer rim is often con-
tinuous with that round adjacent olivine crystals. 
Thus, the sulphide ore was introduced prior to the formation of 
the coronas and it is probable that corona development and amphibol-
itization occurred very shortly after the main sulphidization. However, 
later introductiun of minor volumes of sulphides (mainly in veins 
with gangue calcite, chlorite, sericite and quartz) was linked to weak, 
low grade (Greenschist facies) metamorphism of the coronites. 
3.2 THE METAGABBROS 
This term is used to describe rocks which still retain igneous 
textures, but have undergone amphibolitization so that replacement of 
olivines and pyroxenes is almost complete or total. There is a con-
tinuous progression from coronites through metagabbros to amphibolites 
which have lost all relict igneous texture. The metagabbros then, are 
usually transitional assemblages sometimes containing primary pyroxenes 
etc. which are in the l?rocess of alteration to amphiboles. A second 
generation of metagabbros is present, but is only easily distinguishable 
where it intrudes coronites as thin dykes. The magmas carried a 
higher water content than those producing the gabbros which developed 
corona growths. Initially pyroxenes and plagioclases crystallized, 
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but the high water content under the prevailing metamorphic conditions 
partially altered the pyroxenes to actinolite. This was thus an 'auto-
metamorphism' since water was not introduced from outside. 
The alteration of both generations of intrusives has produced 
a continuous variation to hornblende-oligoclase-epidote amphibolite 
and hornblende-labradorite amphibolite. All stages of the alteration 
can be recognized in the Gr¢sli area and often within a single thin 
section, underlining the variability in the amphibolitization. The 
alteration does show a general progressive increase towards the contacts 
with the gneiss, but no sharp divisions exist between coronite in the 
core of the bodies and amphibolite on the periphery. 
3.2.1 Pyroxenes 
The first detectable changes in the pyroxenes were l'epresented 
by the development of a light green pleochroism. At this stage the 
crystals were heavily dusted and schillerized. The original crystal 
outline was still preservedo As alteration continued a patchy 
development of actinolite crystals occurred within the crystal 
(Fig. 3.8). This process continued with development of increasing 
pleochroism. The edges of the crystal became irregular as the primary 
shape disappeared. The final product of this early stage was an 
aggregate or patchwork of small actinolite crystals pseudomorphing 
the original pyroxene. Often in these metagabbros, a blue-green or 
green hornblende rim developed around the actinolite aggregates. The 
origin of these rims is discussed later, but in metagabbros which 
have lost all primary pyroxenes, these rims remain as ghosts and de-
limit the original pyroxene boundaries (Fig. 3.9). Table 3.2 shows 
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FIG . 3.7 . Ophitic texture in coronitic gabbro (plagioclase and clino-
pyroxene) . XPL . X12.S . 
FIG. 3. 8. Actinolite pseudomorphing pyroxene (right side of photo) 
with outer rim of chlorite. PPL. X3l.5 . 
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analyses of the pseudomorphed pyroxene cores which have actinolite 
compositions and of the rims which have more aluminous hornblende 
compositions. 
3.2.2 Plagioclase 
The transitional nature of the metagabbros is exhibited well by 
the plagioclase compositions. As with the pyroxenes, alteration of 
the original calcic plagioclases has proceeded to differing degrees. 
The coronites still retain the original feldspars (calcic labradorite 
to calcic alldesine) and primary textures (Fig. 3.7). In more highly 
altered rocks, the plagioclases have recrystallized to short laths of 
sodic labradorite or andesine. With increased re-crystallization at 
this grade, the metagabbros have lost their primary textures and 
become amphibolites. However, where the rock has undergone subsequent 
epidote-amphibolite grade metamorphism, the plagioclases have been 
involved in several reactions, commencing with the formation of an 
epidote rim between the laths and the amphibolitized pyroxenes. 
Progressive epidotization (saussuritization) of the feldspars and/or 
reaction with other minerals produced a heavy overprint of epidote 
on the relict plagioclases. The result was an aggregate of epidote 
crystals surrounded by oligoclase and albite rims (Fig. 3.10). Chlorite 
is often present in these zones forming a rim to the amphibolitized 
pyroxenes (Fig. 3.8). In greatly altered specimens, the original 
lath shapes are obliterated due to reactions at their margins. In 
the metagabbros, discrete crystalS of the more sodic plagioclases are 
uncommon. They occur as xenoblastic forms within the epidote-chlorite-
albite/oligoclase association. 
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FIG . 3.9. Pseudomorph of pyroxene with actinolite core and hornblen de 
rim maintaining original crystal outline. PPL . X12.S . 
FIG . 3.10. Heavy saussuritization of original calcic plagioclase . 
Epidote mineral s now occupy the core area with sodic 
feldspar at the margin. XPL . X3l.5. 
3.2.3 Epidote 
Epidotes are not present in all metagabbros, but when they do occur, 
they are always associated with the primary plagioclase relics. In 
part they develop by the reaction of the anorthite component under 
hydrous conditions during the metamorphism. They may also be derived 
from the sericiti~ alteration products of the plagioclase, rather than 
directly from the feldspar. In some cases, the mineral forms at the 
junction of plagioclase and pyroxene crystals, through a reaction 
between the tHO. The lack of hornblendic rims on pyroxenes, which have 
this epidote border, suggests that the plagioclase may have reacted and 
resorbed this hornblende to produce the epidote. 
3.2.4 Chlorite and biotite 
Metamorphic biotite is not common in the metagabbros (as it is in 
tbe amphibolites). It occurs as clusters of xenomorphic plates often 
replacing amphibole (itself after. pyroxene) and also as remnant coronas 
around ores. Biotite may also occur as larger rdgged laths which have 
no obvious replacive nature. They are red-brown, brown or, rarely, 
green in colour. Katada (1965) states that the green biotites are 
formed at conditions below the amphibolite facies while the distinctly 
red-brown biotites (often rimming the magnetites in the coronites) are 
of at least mid-amphibolite facies grade. The biotites mayor may not 
contain zircons with pleochroic haloes. Often the biotites show strained 
extinction and are in the process of altering from amphiboles, or 
hydrating to chlorites. Table 3.3 shows microprobe analyses of three 
brown biotites which lie in the middle of the common biotite field of 
Deer, Howie and Zussman (1963). 
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TABLE 3.3 
ELECTRON MICROPROBE MINERAL ANALYSES 
1 2 3 4 5 6 
Si02 35.81 35.88 35.09 25.19 27.00 27.34 
Ti02 3.14 3.15 3.04 0.10 0.06 0.06 
A120 3 15.70 16.00 16.46 21.15 20.52 20.43 
MgO 10.40 10.53 10.35 14.05 13.73 13.91 
feO 21. 95 22.04 21. 56 26.22 25.42 25.32 
MnO 0.35 0.38 0.35 0.62 0.64 0.63 
CaO 0.01 0.06 0.03 0.02 0.02 0.03 
Nil
2
0 0.07 0.05 0.04 0.00 0.00 0.00 
K 0 
2 9.04 8.93 9.44 0.01 0.00 0.00 
Cr203 0.02 0.03 0.05 0 0 02 0.00 0.03 
TOTAL 96.50 97.05 96.41 87.38 87.39 87.75 
feO = total iron as feO 
Analysis 1 to 3 Biotites in metagabbro. 
4 ot 6 Chlorites in metagabbro. 
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Chlorite is of very variable occurrence in the metagabbros; it 
can be absent or replace most of the mafic minerals present (usually 
in association with the opaques). Its habit is similar to that of the 
biotites: either as mats of small crystals or as large ragged plates. 
It also occurs as replacements of amphiboles and biotites. Three 
analyses are given in Table 3.3 indicating that the chlorites are of 
ripidolite composition. 
3.2.5 Accessory minel'als 
Calcite is rare in the metagabbros. Irregular patches occur 
associated with chlorites, epidotes and altered plagioclases. It also 
occurs as late veins associated with the sulphides. Quartz is rare, 
becoming more common as th~ metagabbro is amphibolitized. It either 
occurs as small clusters of crystals showing strained extinction and 
lobate margins, or as later veins. Patches of very coarse grained 
felsic segregations are often present. They comprise zoned sodic 
feldspar laths (up to 10 x 5mm), often granulated at their margins 
(to 0.2mm size) and quartz. Other minerals such as secondary hornblende 
and biotite may occur in small quantities. The margins of all the 
crystals in these patches are either serrated or ragged, suggesting 
that they have been subjected to slight movements during their 
Cl'ystallization. 
3.2.6 
~lagnetite and sulphides occur frequently in all types of meta-
gabtros. Magnetite never reaches major concentrations, unlike the 
sulphides. It is however ubiquitous in small concentrations and is a 
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primary magmatic mineral: textural relationships suggest a later origin 
for the sulphides. Magnetite grains (1 - Smm across) display different 
forms in the metagabbros and in the coronites. In the latter a the 
forms are sub-idiomorphic or interstitial and the maximum extent of 
reaction is the production of a biotite corona. In the metagabbros 
the magnetites have reacted and produced embayed and corroded outlines, 
the extent of reaction being related to the degree of alteration of 
the rock. The margins of the magnetite grains have become serrated 
and a thin border of sphene usually developed as the original igneous 
composition exsolved titanium (Fig. 3.11). The sphene is often closely 
associated with amphiboles, which may well have derived some iron from 
the magnetite. In extreme cases, reaction has left only skeletal 
magnetite with parallel rods defining the cleavage (Fig. 3.12). 
Sulphides in the metagabbros do not show the complete interstitial 
characteristics of those in the coronites: they enclose and replace 
magnetite. They are extremely irregular in outline and enclose (and 
are enclosed by) many of the metamorphic minerals suggesting the 
presence of the ores within the rocks during metamorphism. Frequently, 
the sulphides are enclosed within ragged amphibole crystals, or mats, 
but are never present in the primary (igneous) silicates. Biotite is 
also commonly associated with the amphibole-sulphide association and 
may also be derived in part from the magnetite. The co-existence of 
amphiboles derived from primary pyroxenes and amphiboles with no such 
association, is explained by the origin of the latter from magnetite. 
Often the sulphides retain the form of a diffuse veining or network 
through the metagabbros and irregular bodies surround (and occasionally 
intrude) pyroxenes and plagioclases which are in the process of alteration 
54 
FIG. 3.11. Magnetite with rim of sphene surrounded by biotite in the 
process of chloritization. PPL. X31 . 5 . 
FIG. 3.12. Skeletal primary magnetite surrounded by sphene after 
metamorphism. PPL. X50 . 
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to form amphibolite. As well as the large patches of sulphide (up to 
Imm2), there are often much smaller crystals (0.1 - 0.2mm size) which 
have developed amphibole and biotite around them. 
The sulphides were thus associated with the metamorphism and 
alteration of the gabbro to metagabbro. They were pI'esent early in 
the metamorphism of the rocks. They often surrounded the relict 
actinolitized pyroxenes, but were themselves often enclosed by meta-
morphic hornblende crystals. Hornblende reaction rims were also 
developed between sulphides and plagioclase, but only where the 
sulphide was also in contact with a pyroxene altering to amphibole. 
This may well be due to chemical constraints with cations such as 
magnesium being derived from the pyroxene. 
3.3 THE AMPHIBOLITES 
. 
With the total loss of igneous texture, the metagabbros grade into 
the amphibolites. Two distinct groups of amphibolite correspond with 
Winklers (1976) division into 'high grade' andesine/labradorite 
(bytownite) amphibolites and 'low grade' albite/oligoclase amphibolites. 
The former have a relatively simple history in that they are the end 
products of complete metamorphism of basic rocks at mid-amphibolite 
facies. 
The origin of the 'low grade' amphibolites is more complex. Some 
result from the retrogression of 'high grade' amphibolites (particularly 
on the margins of the intrusion). Others formed from the alteration 
of metagabbros and coronites, which were largely unaltered during the 
previous mid-amphibolite grade event, because of the paucity of water. 
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Lack of complete recrystallization under epidote-amphibolite facies 
conditions is indicated by the presence of plagioclase of two com-
positions and amphiboles of two compositions. All major minerals are 
xenoblastic. They develop either as clusters of small grains or as 
very ragged, highly poikiloblastic crystals. These amphibolites often 
develop as patches within the metagabbros, representing zones of 
increased water content. 
The 'high grade' amphibolites contain labradorite or bytownite 
with hornblende (of one composition only) and more sphene but less 
epidote than the lower grade variants. The crystal shapes, though 
usually xenoblastic, are much less serrated than in the 'low grade' 
amphibolites and are usually equi-dimensional with triple point 
junctions. These 'high grade' amphibolites are more restricted in 
their occurrence, being confined to the margins of the intrusions and 
occasional shear zones within the gabbro. All the amphibolites occur 
in patches throughout the gabbro but are only sporadically developed . 
on the margins and mayor may not show preferred orientations of their 
minerals. 
3.3.1 Plagioclase 
Within the 'low grade' amphibolites, various generations of 
plagioclase may be present, Large relict laths (up to 9mm long) of 
igneous origin may still be discernible. They are highly sericitized 
and have very ragged margins. Often zoning is extreme (An65- 30 ) but 
it is not clear whether this is a primary magmatic feature or due to 
t he amp hiboli t izat ion. Other plagioclase (commonly albite or oligoclase) 
is metamorphic in origin and occurs as much shorter laths (0.5 - 0.8mro 
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long). Where the amphibolite was derived from the retrogression of a 
'high grade' amphibolite, then stubby laths of andesine (An 3S _4S ) 
co-exist with oligoclase compositions (AnlO- 2S ). All plagioclases in 
'low grade' amphibolites are associated with epidote and chlorite. 
3.3.2 Amphiboles 
The chemistry and habits of the amphiboles show much of the history 
of the amphibolites. Hornblendes in the 'high grade' amphibolites 
are green in colour while those in the 'low grade' amphibolites are 
blue-green. Wh~re incomplet~ epidote-amphibolite grade overprint has 
occurred, blue-green hornblende develops as rims around green hornblende 
cores. 
It should be noted here that the formation of actinolite cores 
with hornblende rims (often found in the deeper parts of the intrusion 
and dominantly in the coronit~s with minor amphibolitization) is due to 
a different mechanism linked to the lack of available water at these 
depths during metamorphism. Seve~al workers (Miyashiro 1973, Klein 
1969, Cooper and Lovering 1970) consider this rim-core relationship to 
be ~ miscibility gap between aluminium poor and aluminium rich 
amphiboles. Grapes and Graham (1978) consider that there is no 
miscibility gap and that the rims are due to prograde metamorphism. 
At Gr¢sli, it is considered that the feature is a result of differing 
micro-chemical environments affecting ionic diffusion. The partial 
pressure of water (pp H20) decreased inwards. In the core of the 
intrusion there was insufficient water to allow the necessary mobility 
and access of elements such as Al to form hornblende from the pyroxenes. 
Actinolite, which is chemically more like the pyroxenes, thus developed, 
58 
except at the edges of crystals in contact with plagioclases. Here, 
the grain boundary permitted the movement of water so that Ca and Al 
from the plagioclase and Mg and Fe from the pyroxene could combine 
to form a hornblende reaction rim. Towards the periphery of the 
intrusion, there was enough waterpresent to allow the unhindered 
formation of hornblende. 
3.3.3 Epidote 
The epidotes form accessory or maJor components depending on the 
type of amphibolite. Where abundant, they form idioblastic or sub-
idioblastic crystals reaching 0.6mm but usually 0-1 - O.2mm in length. 
Clinozoisite and pistacite are present in equal proportions. Zoisite 
is rare or absent. They often occur as saussuritization products of 
plagioclases and, in 'low grade' amphibolites, crystals are intergrown 
with xenoblastic crystals of hornblende, chlorite and albite/oligoclase. 
3.3.4 Other minerals 
In amphibolites, biotite forms large poikilobastic plates often 
showing strain and containing zircons with pleochroic haloes. In the 
'high grade' amphibolites, it occurs intergrown with green hornblendes. 
Retrogressive effects include rims of blue-green hornblende, exsolution 
of magnetite lamellae and conversion to chlorite. Chlorite also occurs 
as xenoblastic mats, often developed around amphiboles. Accessories 
include sphene. (which may occur in greater amounts in 'high grade' 
amphibolites), magnetite, rutile and apatite. 
Actinolite-chlorite-biotite schists occur rarely on the margins 
of the bodies and represent narrow shear zones. Sub-idioblastic garnet 
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occurs rarely in all amphibolite types. 
3.3.5 Sulphides 
The sulphide ores associated with the amphibolites are sometimes 
accompanied by gangue minerals, such as chlorite, quartz, biotite and 
calcite and enclose all silicate minerals including the products of 
the epidote-amphibolite facies overprint. They were therefore intro-
duced later than the ore found deepe~ in the gabbro and are related 
to fluid activity during metamorphism. It is notable that pyrrhotite 
is the overwhelmingly dominant sulphide in the coronites while pyrite-
pyrrhotite assemblages occur in the amphibolites. This may well be 
due to the fact that the pyrite was incongruently melted .in the coronites 
while in the amphibolites later hydrous mobilization occurred. The 
ore, where disseminated through amphibolites, is interstitial and often 
shows replacive textures and veining. The ores and gangue material 
are themselves cut by very late, thin veinl~ts of iron-rich chlorite 
and sericite which are found throughout the basic intrusion. 
3.4 THE LATE AMPHIBOLITES 
These are small intrusions in the form of thin, fine-grained 
dykes usually occurring in pairs, or threes, and cross-cutting all 
gabbro and amphibolite types. They are 'low grade' non-foliate rocks 
with an assemblage of blue-green hornblende-plagioclase-epidote-chlorite-
quartz-biotite. The rock is however still earlier in age than the 
sulphides re-mobilized by fluid activity Ullder Greenschist facies 
conditions mentiuned in Section 3.3.5. 
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3.5 THE GNEISSES 
The supracrustal gneisses in the Gr¢sli area have quartz-biotite-
plagioclase (albite/oligoclase) assemblages and show continuous modal 
variations. Garnet, sphene, potassium feldspar, microcline perthite 
and muscovite are common accessories which may form up to 10% of the 
rock. Epidote and chlorite are common retrograde minerals and may 
become major constituents. Sericitic alteration of the feldspars is 
also common. Quartz and feldspar are dominantly granoblast~c (0.1 -
0.3mm across) and often form bands of differing grain sizes, but with 
all exhibiting triple junctions. Biotite is brown (commonly 1 - 1.5mm 
long) and produces a distinct foliation. These gneisses have undergone 
a blasto-cataclastic recrystallization (after weak cataclastic effects) 
in the Gr¢sli area. Static biotite has occasionally grown across the 
groundmass. Larger grain sizes (1 - 1.5mm) occur in rocks which have 
not been cataclased and the quartz and feldspar crystals have irregular 
junctions, whilst straining is much more evident. Garnets (of the 
pyralspite group, Table 3.4), where present, have developed typical 
static growth, poikiloblastic textures. 
An epidote-amphibolite facies overprint in the gneisses has pro-
duced epidote, chlorite and green biotite. Static and stress-orientated 
growth, as well as mimetic growth over foliations, has occurred. The 
biotite forms either individual laths or clusters of equi-dimensional 
crystals associated with epidote: it is often altered to chlorite. 
Rare sub-oval, relict augen of quartz and feldspar (up to 2.5mm diameter) 
are preserved while quartz veins are common. Late fluid alteration 
of the gneisses has caused heavy sericitization of the feldspars and 
chloritization of the biotites. Associated quartz and quartz-epidote 
veins contain hydrated iron oxides and or calcite. 
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TABLE 3.4 
ELECTRON MICROPROBE MINERAL ANALYSES 
1 2 3 
Si02 37.29 27.14 26.98 




3 21.69 17.11 18.66 
MgO 7.57 2.70 9.84 
FeO 30.06 43.01 32.51 
MnO 0.74 0.62 0.71 
CaO 2.21 0.00 0.00 
Na20 0.00 0.09 0.14 
K20 0.00 0.05 0.05 
Cr203 0.00 0.14 0.00 
ZnO N.D. N.D. N.D. 
TOTAL 99.53 90.92 89.04 
FeO = total iron as FeO 
N.D. = not determined 
Analysis 1 Garnet in supracrustal gneiss. An average of five 
analyses. 
Analysis 2 and 3 Late stage chlorite adjacent to sUlphides in altered 
(halo) gneiss (see Fig. 3.15). 
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3.5.1 Amphibolite bands in the gneisses 
These thin bands (reaching a maximum width of lOcm) are a part of 
the supracrustal sequence. Their mineralogy is identical to that of 
the amphibolites formed from the basic intrusives and they contain 
blue-green hornblende (often poikiloblastic), abundant epidote, biotite 
and zoned plagioclase (An42- 27 ) with accessory quartz, sphene, magnetite 
and garnet. 
3.5.2 Disseminated accessory sulphides 
Massive sulphide ore does occur in the gneisses (see Section 3.6) 
but disseminated sulphides are not common. Where they are present, 
host rock alteration may, or may not, be pr·esent and the sulphides 
always show apparently replacive textures and enclose all silicates. 
3.6 THE HYDROTHERMALLY ALTERED ROCKS (GNEISSES AND GABBROS) 
Late solutions which effected minor redistribution of the ore 
have been so active in restricted parts of the mine area that total 
alteration of both basic and acidic host rocks has occurred. Borehole 4 
cuts through a large body of massive ore, and alteration is present 
in a zone of sulphide dissemination for five metres on' either side. 
Through this distance, the gneiss host rock has been progressively 
altered by the fluids. The initial effects were sericitization of 
feldspars and chloritization of micas (Fig. 3.13). Nearer the ore 
body~ sulphide disseminations become heavier and sulphide-chlorite-
muscovite aggregates are intergrown. At this stage the feldspars 
are totally replaced by gangue and relict quartz, zircons and garnets 
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FIG . 3.13. Initial effects of alteration of gneiss. Chloritization of 
micas (patches) and sericitization of feldspars (laths). 
Unaltered material is quartz. PPL . X12.S . 
fIG . 3.14 . Extensive alteration effects of gneiss, producing a sulphide-
chlorite-muscovite assemblage with relict quartz crystals. 
XPL . X12.5 . 64 
are all that remain of the original gneiss (Fig. 3.14). The rock 
eventually becomes a sulphide-chlorite-muscovite/sericite-quartz-
(calcite) assemblage. A later stage alteration event has formed an 
iron-rich chlorite-sericite assemblage (Table 3.4). Sulphides have 
reacted with the fluids developing embayments and ragged margins 
(Fig. 3.15) and veins of this late stage often cut the ore. Calcite, 
chloritoid and some re-mobilized chalcopyrite are also associated with 
this stage. Borehole 11 is the only locality in the mine area where 
alteration has occurred over an extensive area. Both gneiss and basic 
rock have been affected and have been totally replaced by an aggregate 
of sulphide and micas (Fig. 3.16)0 In places, the replacement was 
sufficiently static to allow the original sub-ophitic textures to be 
preserved: the plagioclase laths were replaced by an aggregate of 
muscovite, whilst the mafic minerals were replaced by a sulphide-
chlorite assemblage (Fig. 3.16). 
3.7 SUMMARY Of THE METAMORPHISM OF THE GABBROIC INTRUSION 
During the Sveconorwegian orogeny the 'Vinor' gabbroic intrusion 
at Gr¢sli underwent mid-amphibolite facies grade metamorphism with a 
later overprint of epidote-amphibolite grade. The differing rock 
types now present (coronite, metagabbro and amphibolite) result largely 
from the variation in the partial pressure of water during the meta-
morphorphic event and the presence of fluid is necessary as a transport 
medium for ion exchange between minerals. The coronites are preserved 
only at the cores of the intrusions where water did not penetra~e to 
dny great extent. With increasing ppH
2
0 amphibolitization occurred. 
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fIG . 3. 15 . Embayments in sulphide containing high iron chlorite dnd 
garnet . PPL . X3l.5. 
FIG. 3.16. Total replacement of coronite by sulphide-chlorite-muscovite 
assemblage . Muscovite crystals are pseudomorphing an 
original plagioclase lath. XPL. X12.5. 66 
In many of the innermost rocks, the only alteration is the actinolit-
ization of pyroxenes. Actinolite is not present in any of the rocks 
which have completely recrystallized at mid-amphibolite or epidote-
amphibolite facies grade. The actinolites always have a rim of horn-
blende. This association is a function of chemistry under conditions 
of restricted water supply. The pyroxene recrystallized to chemically 
similar actinolite but at its margin, water present along grain 
boundaries permitted a reaction rim of hornblende to form against the 
adjacent plagioclases. This feature is considered to be formed during 
the mid-amphibolite facies metamorphism. 
Many of the rocks show only the epidote-amphibolite facies miner-
alogy of epidote-albite/oligoclase-hornblende-chlorite. These assem-
blages are often developed over relict igneous textures with no 
indication of the higher calcic plagioclase~hornblende assemblage of the 
mid-amphibolite facies grade. This is due to the fact that only with 
the lower grade event did water penetrate sufficiently to cause sub- . 
stantial recrystallization. The amphibolites which developed at the 
exterior of the body were recrystallized into true mid-amphibolite grade 
facies metabasites since water was present in larger quantities at the 
periphery. The epidote-amphibolite overprint produced two kinds of rock: 
recrystallized epidote-amphibolites and retrogressed mid-amphibolite 
grade rocks still showing relict higher grade mineralogy. 
Sulphides within the gabbro appear to have two origins. In some 
cases, the ore has interstitial relationships with the coronite minerals 
and there is no alteration of the host rock. It is suggested that 
the ore has been introduced by assimilation (i.e. engulfed by the 
intruding gabbro, melted and recrystallized). In the coronites, many 
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of the sulphides also have a hornblende rim indicating the presence of 
the ore prior to the mid-amphibolite facies metamorphism. Some of 
the ore present in the metabasites was redistributed by later solutions 
which have variously altered the host rocks, with minor effects in the 
coronites varying to total replacement in the metagabbros, amphibolites 
and gneisses especially towards the margin of the intrusion. The 
coronites were thus the least affected by the re-mobilized ore and its 
fluids. 
It is envisaged that only a small volume of ore was re-mobilized 
as a result of fluids passing around and through the ore bodies after 
the epidote-amphibolite overprint. This would imply that although the 
ore bodies at the periphery of the intrusion are enclosed within gangue 
minerals, the ore was present before the gangue minerals formed. 
Extensive gangue mineralization is not found away from the ore bodies 
and there does not seem to be any channel along which the hydrothermal 
fluids can be said to have passed. 
In conclusion, the gabbro was intruded prior to, or at the start of, 
the Sveconorwegian orogeny, during which it was variably metamorphosed 
according to the availability of water. Sulphide ore was incorporated 
as the rock was intruded and was re-mobilized on a small scale after 
the epidote-amphibolite overprint. The volume of ore mobilized at this 
stage decreased with increasing distance into the gabbro body. Final 
fluid movement produced iron-rich chlorite-sericite veins. 
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CHAPTER FOUR 
CHEMISTRY OF THE SILICATE ROCKS AT GR~SLI 
I. THE SUPRACRUSTALS 
4.1 INTRODUCTION 
The supracrustal rocks in the Gr~sli mine area are a monotonous 
sequence of leucocratic, quartzo-feldspathic gneisses, with very minor 
amphibolite bands. They have been thoroughly metamorphosed and now 
exhibit a granoblastic texture with foliation developments proportional 
to their mica content. No primary structures remain to indicate whether 
these rocks were originally volcanic (rhyolitic flows, tuffs etc.) or 
sedimentary (quartz-rich akoses, sandstones etc.). In the absence of 
such structures, the chemistry of these rocks provides the only clue 
as to their origin. Much chemical work has been done on distinguishing 
igneous and sedimentary characteristics and rocks of unknown origin 
have been compared with known igneous and sedimentary suites based on 
major and trace element data. The simplest form of correlation is the 
comparison of two sets of data, but more complicated and refined plots 
of trends in specific elements are of greater use in the problem of 
defining origins. 
4.2 MAJOR ELE~~NT MIALYSES: RELEVANT PREVIOUS WORK 
The starting point of any attempt to define the origin of a group 
of unknown rocks is sufficiently reliable data of known igneous and 
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sedimentary suites. There have been many studies on the compositions 
of igneous rocks; perhaps the most detailed being those of Daly (1933) 
and Nockolds (1954), who published calculated averages of a wide 
variety of rocks. More recently, Le Maitre (1976) has produced a set 
of averages for the common igneous rock groups and has also noted their 
variability in the form of standard deviations. Published calculations 
of unmetamorphosed sediments are also readily available, e.g. Pettijohn 
(1963), Wedepohl (1969) and Rogers and McKay (1972). 
Average compositions of igneous rocks of similar chemistry to the 
Gr¢sli gneisses are reproduced in Table 4.3 while sedimentary analyses 
are reproduced in Tables 4.4 and 4.5. Two features are evident from 
the values in these tables: there is an overlap between the sedimentary 
and igneous fields and also between individual rock types within these 
fields. Due to this major problem, comparison of raw data alone is very 
often of little use in determining the origin of metamorphic acidic 
gneisses. 
The plotting of various chemical elements has been widely used in 
attempts to reveal trends within a suite of rocks, which could then be 
designated as either igneous or sedimentary. In most of these plots 
there is an overlap between various sedimentary and igneous fields due 
to the limited number of elements considered. As an illustration of 
the problem the much used diagrams of Leake (1964; originally used to 
distinguish origins of amphibolites) have been reproduced as Figs. 4.1 
and 4.2. 
Leake's Niggli c versus mg plot (Fig. 4.1) shows the data for the 
Gr¢sli gneisses together with results for sedimentary and acid to 
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not provide sufficient discrimination. Similarly, Leake's lOOmg/c/al-alk 
plot (Fig. 4.2) includes the Gr¢sli gneisses together with the sedimentary 
fields taken from Tables 4.4 and 4.5. The overlaps again render this 
diagram of little use. 
Other diagrams have been extensively used to plot the fields of 
more acid igneous rocks and sediments which are the likely protoliths 
for the Gr¢sli gneisses. On the following diagrams the Gr¢sli rOCKS 
have been sub-divided as 'meta-igneous' or 'meta-sedimentary' in origin; 
this distinction is based on conclusions at the end of this chapter, 
but utilised in these plots for clarity. 
A diagram of MgO/K20/Na20 (Fig. 4.3) produced by Sighinolfi et a1 
(1978) also has an igneous trend line which cuts through the sedimentary 
fields so that any scatter casts doubts on the prediction of origins. 
Perhaps the best known triangular diagram for showing the differentiation 
trends of igneous rocks is the AFM diagram. The trends are well 
established for many rock suites, e.g. from the work of Nockolds and 
Allen (1953), Coombs and Wilkinson (1969), Carmichael (1964) and many 
others. In these diagrams it was generally accepted that if the analyses 
of the major elements of a group of rocks plotted close to known igneous 
trends, then the unknowns were most probably igneous in origin. The 
feature of iron enrichment followed by that of alkali enrichment in the 
complete differentiation of basaltic magmas has never been observed in 
sedimentary suites, and this is perhaps the best criterion for assigning 
igneous origins. 
However, Robinson and Leake (1975) provide ample evidence that 
many acidic sedimentary suites (which, by their nature will plot towards 
the alkali apex of the AFM diagram) fallon the late stage, igneous 
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FIG , 4'3 (after Sighinolfi et al.. 1978) 
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differentiation lines. This is further complicated by the fact that 
calc-alkaline suites often do not show early iron enrichment trends 
and have no curve in their differentiation line. Such suites can 
also display the kind of scattering thought previously to be character-
istic of sedimentary rocks. Thus, the apparent alkali enrichment of 
igneous rocks overlaps the fields of sandstones, arkoses and quartzo-
feldspathic gneisses. 
Therefore, using major element plots it is possible to suggest a 
sedimentary origin for points with very wide scatters or which plot 
in a sedimentary field away from an igneous trend line. The presence 
of an iron-enrichment curve is diagnostic of igneous suites, but this 
phenomenon is not always developed. For a large number of cases these 
diagrams do not provide unequivocal answers. 
4.3 MAJOR ELEMENT ANALYSES OF THE GR0SLI GNEISSES 
The major element chemistry of these gneisses is presented in 
Table 4.1. Two of the samples (nos. 1 and 2) represent hybrid rocks. 
They are gneisses which have been contaminated by basic material. 
They were formed at the junction of the gabbros and the supracrustals. 
Of the remaining 18 samples, 15 have silica values above 70% and all 
are above 60% 
In a comparison of absolute values between the Gr¢sli rocks 
(Table 4.1) and analyses of igneous rocks given by Joplin (1963), all 
but two of the Gr~sli rocks have similar chemistries to rocks in 
Joplin's 'granitic' groups. The compositions of these rocks range 
from dacites and granodiorites, through rhyo-dacites and adamellites 
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TABLE 4.1. MAJOR ELE~ffiNT CHEMISTRY OF THE GR~SLI GNEISSES (weight percent) 
i\l'iALYSIS Si02 Ti02 A1203 Fe 203 FeO MnO t1g0 CaO Na20 K20 
TOTAL 
(excluding H2O) 
1 54.71 0.69 17.25 3.75 7.16 0.21 4.78 2.62 3.13 3.10 97.41 
2 52.54 0.56 17.05 1.44 7.89 0.19 6.06 7.69 3.49 1.54 98.46 
3 61. 93 1.45 15.4-0 3.68 5.27 0.13 2.01 4.33 3.10 2.46 99.76 
4 67.37 0.95 13.95 2.10 3.11 0.09 1.07 3.78 3.76 2.82 99.00 
5 77.92 0.07 12.22 0.00 0.64 0.01 0.07 0.49 5.30 2.77 99.49 
-..J 
CD 5 77.23 0.30 11.4-7 0.72 0.94 0.02 0.51 2.50 4.34 0.95 98.98 
7 75.25 0.22 13.11 0.28 0.94 0.01 0.39 1. 79 6.06 0.59 98.64 
8 68.76 0.73 13.11 3.75 1.80 0.10 0.74 3.25 4.31 2.33 98.88 
9 73.01 0.49 11.22 2.62 4.49 0.47 2.14 0.68 1. 93 2.29 99.34 
10 73.27 0.20 12.17 1.90 3.56 0.04 0.61 0.4-8 2.98 4.06 99.27 
11 76.24 0.22 13.13 0.63 1.16 0.02 0.39 2.08 5.11 1.10 100.08 
12 71.50 0.37 12.15 2.94- 3.93 0.17 1.22 3.95 1. 71 1.29 99.23 
13 72.14- 0.39 12.95 0.91 1. 81 0.05 0.51 2.19 3.46 4.72 99.13 
14 75.48 0.23 12.49 0.20 1.03 0.03 0.31 1.42 3.52 4.74 99.45 
15 71.02 0.52 13.34 0.99 2.19 0.06 0.84- 2.76 3.41 3.83 98.96 
16 74.55 0.20 13.00 0.32 1.42 0.04- 0.36 1.38 3.50 4-.33 99.10 
17 75.40 0.25 13.53 0.96 1.31 0.03 0.38 1. 52 3.63 4.74 101. 75 
18 74.26 0.31 12.63 0.87 1. 37 0.03 0.41 1. 73 3.26 4.12 98.99 
19 74.78 0.21 12.54 0.53 0.97 0.03 0.03 1.02 3.47 4.95 98.53 
20 71. 36 0.55 13.36 1. 32 2.38 0.07 1.05 2.25 3.41 4.23 100.00 
TABLE 4.1 continued 
1 and 2. Hybrid rocks. Basified gneisses (see text). 
.}': 
'8 and 9. Probable para-gneisses. 
~': 
3 to 7 and 10 to 20. Probable ortho-gneisses. 
~'~ 















































































































































































































































































to rhyolites, quartz-keratophyres and granites. One very high silica 
value from Gr¢sli (no. 5) is similar to a felsite. Only two analyses 
from Gr¢sli (nos. 8 and g) apparently have no close comparison with 
the igneous rocks of Joplin. Analysis 2 (of gneiss contaminated by 
gabbro) is very similar to a quoted analysis of diorite which had 
been formed by the introduction of baSIC material into a pelite. 
A comparison of the Gr¢sli analyses (Table 4.1) with the averaged 
analyses of Le Maitre (1976 and Table 4.3) indicates that most of the 
Gr¢sli gneisses fall within the rhyolite field, with a few less acidic 
members tending towards the rhyo-dacite field. One sample (no. 3) has 
a low enough silica content to appear in the latite composition range. 
Analyses 8 and 9 again have no similarities with any of the igneous 
groups. 
As previously noted, the compositional fields of igneous and 
sedimentary rocks have considerable overlaps. The Gr¢sli gneisses 
can be also compared with the sandstone-arkose-greywacke groups of 
sediments (Tables 4.4 and 4.5). An upper limit of 69% Si02 (Andreae, 
1974) for the greywacke group precludes all but three analyses from 
Gr¢sli (nos. 3, 4 and 8). Analysis 3 has rather a high Ti02 content 
while analysis 8 has a rather low magnesium value. Analysis 4 has 
the most similar composition to the group. The remaining rocks 
(i.e. nos. 1, 2, 5, 6, 7, 9 to 20) all fall within the arkose-sandstone 
fields. Since analyses 8 and 9 correlate with the wider ranges of the 
sedimentary fields, whereas they do not fit into the igneous fields, 
it seems reasonable to propose a sedimentary origin for these rocks. 
However for the other rocks on the basis of these comparisons alone, 
a sedimentary or an igneous origin could be assigned. 
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TABLE 4.3 
AVERAGE IGNEOUS ROCK COMPOSITIONS 
ANALYSIS (+ 20) 1 2 3 4 
Si02 74.00 + 3.51 67.52 + 4.61 66.36 + 4.17 62.80 + 5.63 
Ti02 0.27 + 0.25 0.60 + 0.30 0.58 + 0.32 0.83 + 0.40 
A1203 
13.53 + 1.77 15.53 + 1. 36 16.12 + 1.67 16.37 + 1. 45 
Fe 203 1. 47 + 1. 24 2.46 + 1.35 2.39 + 1. 31 3.34 + 1.62 
FeO 1.16 + 1.29 1.80 + 1.20 2.41 + 1.55 2.27 + 1. 54 
MgO 0.41 + 0.48 1.68 + 1.33 1. 74 + 1.14 2.25 + 1.86 
CaO 1.16 + 0.96 3.35 + 1.53 4.29 + 1.65 4.27 + 1. 79 
Na20 3.62 + 1.29 3.90 + 0.70 3.89 + 0.91 3.88 + 0.77 
K20 4.38 + 1.69 3.16 + 0.78 2.22 + 1. 00 3.98 + 0.90 
1. Rhyolite. Average of 116 analyses. 
2. Rhyo-dacite. Average of 40 analyses. 
3. Dacite. Average of 80 analyses. 
4. Latite. Average of 46 analyses. 
All from Le Maitre (1976). 
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TABLE 4.4 
AVERAGE ARKOSE COMPOSITIONS 
ANALYSIS (+ 20) 1 2 3 4 
Si0
2 















0.41 + 0.01 0.44 + 0.11 0.37 + 0.13 0.59 + 1.01 
10.63 + 2.09 12.84 + 1.57 12.34 + 3.18 13.44 + 1.02 
2.12 + 1.30 1.78 + 0.92 1.55 + 0.66 5.01 + 1.12 
1.22 + 0.46 1.65 + 1.03 1.10 + 0.37 As Fe 20 3 
0.38 + 0.46 0.06 + 0.03 0.05 + 0.01 0.06 + 0.02 
0.30 + 0.29 1.73 + 0.75 1.16 + 0.33 0.89 + 0.34 
1.30 + 1.26 2.67 + 2.03 3.01 + 0.60 2.01 + 0.60 
1.84 + 1.23 3.07 + 0.61 2.79 + 0.68 2.45 + 0.49 
4.99 + 1.05 2.75 + 0.78 2.80 + 0.83 4.80 + 0.75 
1. Average of 5 arkoses from Pettijohn (1954). 
2. Average of 26 arkoses from Van de Kamp et al (1976). 
3. Average of 6 Holocene sands from Van de Kamp et al (1976). 
4. Average of K rich metasediments from South Norway. From Andreae (1974). 
TABLE 4.5 
AVERAGE GREYWACKE COMPOSITIONS 
ANALYSIS (+ 20) 1 2 3 4 
Si0
2 
62.25 + 5.10 61.86 + 1.73 63.09 + 2.16 67.34 + 1.44 
Ti0
2 










1.55 + 1.20 5.08 + 0.61 6.53 + 1.21 5.85 + 2.48 
FeO 3.66 + 1.66 As Fc 203 As Fe 203 As F
e 203 
MnO 0.14 + 0.08 0.06 + 0.04 
MgO 2.18 + 0.95 3.58 + 0.55 3.61 + 0.61 1.84 + 0.93 
CaO 2.73 + 1.73 5.74 + 1.31 3.05 + 0.87 3.25 + 1.18 
Na
2
0 3.02 + 0.81 4.10 + 0.48 3.10 + 0.76 3.06 + 0.68 
K
2
Q 1.84 + 0.42 1.90 + 0.47 2.08 + 0.41 1.97 + 0.74 
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TABLE 4.5 continued 
l. Average of 23 greywackes from Pettijohn (1957). 
2. Average of 10 Precambrian greywackes from Naqvi et al (1972). 
3. Average of 7 Precambrian greywackes from Naqvi et a1 (1972). 
4. Average of metagreywackes from South Norway. From Andreae (1974). 
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Fig. 4.3 shows a plot of Gr¢sli analyses on the MgO/Na20/K20 of 
Sighinolfi et al (1978). In this diagram the majority of the points 
are outside the arkose and greywacke fields, suggesting the possibility 
of an igneous origin. Towards the Na20 corner are a group of seven 
more soda-rich acidic rocks. One of these (no. 9) appears to be 
sedimentary in origin (see above), while the remaining five points 
(nos. 4, 5, 6, 7 and 11) could have been derived from soda-rhyolites. 
However, the mobility of alkalies during metamorphism may also account 
for their apparent isolation from the other points. 
Fig. 4.4 shows the Gr¢sli gneiss analys~s plotted on an AFM diagram 
and indicates a strongly differentiated nature, if they are of an 
igneous origin. The majority of the rocks plot outside the fields of 
arkoses and greywackes, which are possible protoliths from comparison 
of silica contents alone. However, Robinson and Leake (1975) have 
proved that analyses of sedimentary suites can extend towards the 
alkali apex: the arkose and greywacke fields of Fig. 4.4 could then 
well be enlarged and encompass the Gr¢sli plots. 
Only a few definite conclusions can be drawn from this set of 
diagrams. Analyses 8 and 9 almost certainly represent original sedi-
mentary rocks. The other analyses certainly cluster very close to 
igneous trends (e.g. on Fig. 4.4) but they also fall in the overlap 
with sedimentary fields. 
Finally, Van de Kamp et al (1976) state that a plot of Niggli mg 
against Niggli si for sandstones and arkoses gives a positive cor-
relation due to the concentration of mafic material in sandstones 
with a high silica content, whereas the converse is true in igneous 
rocks. This plot should be the most applicable to the Gr¢sli gneisses. 
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Unfortunately the scatter of points (Fig. 4.5) is so large as to permit 
neither positive nor negative slopes to be drawn through the data. 
4.4 TRACE ELEMENT ANALYSES: RELEVANT PREVIOUS WORK 
Van de Kamp et al (1976) in studying shales, sandstones and arkoses, 
concluded that there was no definite trend of Ni or Cr versus Niggli mg, 
whereas igneous rocks displayed a more systematic variation. They 
stated that the behaviour of Zr is diagnostic. In igneous rocks, Zr 
contents rise with increasing differentiation (since Zr is an incompat-
ible element) and then drop at the extreme acid end with the precipit-
ation of zircon. In sedimentary rocks, the variation of Zr with si or 
mg is much more variable,since Zr can occur in detrital zircon in rock 
fragments containing zircon, or within the clay minerals. Thus a plot 
of Zr against si or mg will reveal a positive slope for igneous suites 
but no such trend for sedimentary rocks. 
4.5 TRJ,CE ELEMENT ANALYSES OF THE GRalSLI GNEISSES 
Plots of the major element analyses showed that samples 8 and 9 
could well have formed from sedimentary protoliths. The other 
specimens were probably igneous in origin, but their chemistry over-
lapped sedimentary fields. 
Using this probable division of protoliths, a plot of Niggli Si 
versus Zr ppm (Fig. 4.6) shows the meta-igneous rocks broadly defining 
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It appears that the gneisses represent highly differentiated end 
members in which the Zr content has started to fall; a feature suggested 
by Nockolds and Allen (1953) and Van de Kamp (1976). 
The problem of an igneous or sedimentary origin for the gneisses 
has not been completely solved with the use of these diagrams. Some 
of the rocKs show sedimentary characteristics, but the majority have 
igneous affinities. The igneous group may well be of two parentages 
(e.g. see Fig. 4.3) but metamorphism has undoubtably caused some element 
mobility. Under such conditions the scatter of points on the diagrams 
is not surprising and some of the supracrustals in the Gr¢sli area may 
nov~ only partially retain their original chemical characteristics. 
However, it is concluded that the majority of the gneisses most probably 
represent acid volcanics while a subordinate number of quartz-rich 
sediments are also present. 
4.6 ORIGIN OF THE GR~SLI GNEISSES 
Some of the gneisses at Gr¢sli are suggested to have formed from 
acidic volcanic rocks. C. Bugge (1917) and J. Bugge (1943) considered 
the acidic rocks in the Kongsberg area to be of dacitic composition 
and probably representative of tuffs and other effusives interlayered 
with sediments. Starmer (1977) considered the gneisses in the south of 
the KonEsberg Series to be mixed metavolcanics and metasediments. In 
the Gr~sli mine area the present study has shown many of the rocks 
could be ~etavolcanics of the rhyolite-dacite series. 
Since the ore deposit at Gr¢sli is not of a type normally 
associated "ith basic magmatism (see Chapter Eleven), it may well have 
88 
been related to the supracrustals. If this is the case, then the 
gneisses and ore-body may represent the acidic differentiates of a 
more basic magma. It would be advantageous therefore to know the 
environment of formation of the magma. Fox (1979) presented a 
discriminant flli~ction analysis of major elements in acid end members 
of a basic series associated with massive volcanogenic sulphides. In 
the analysis he separated calc-alkaline trends from those shown by 
tholeiitic rocks of the island-arc type. A similar diagram is produced 
for the Gr¢sli gneisses in Fig. 4.7 (which plots 'fcn.l' and 'fcn.2' 
of Fox, 1979). 
The danger of using major element plots for metamorphic rocks 
is evident from the previous discussion although Fig. 4.7 places less 
heavy weighting on the more mobile elements such as alkalies. This 
fact may help to reduce variations produced by metamorphic mobility. 
Fig. 4.7 shows that there is some division between the supposed 
volcanic rocks and the supposed sedimentary representatives. On the 
basis of this diagram, the volcanics are mainly of calc-alkaline type, 
produced at destructive plate margins. This conclusion is substantiated 
by plots of the gneisses on Fig. 4.8 which indicates that the rocks 
seem to belong to a compressional environment (see Section 4.8 for 
description of Fig. 4.8). 
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II. THE 'VINOR' GABBROIC ROCKS 
4.7 INTRODUCTION 
This group of rocks includes all the younger basic intrusives 
which have cut the supracrustals. Three intrusive phases are present 
at Gr¢sli (see Chapter Two); the earliest forming large bodies and 
the later two ptages being only of low volume. There is also a good 
textural and mineralogical progression from coronite through metagabbro 
to amphibolite, in most outcrops and borehole sections. Therefore, 
the relationship between such rocks is usually not in question. The 
following element plots will attempt to assign the intrusives to one 
of the main basaltic groups. (An extension of the use of these diagrams 
wcs also applied in an attempt to assign the supracrustal 'volcanic' 
gneisses to a parent group, assuming them to be a fractionation series.) 
Chemical analyses of the 'Vinor' gabbros are presented in Tables 4.6 and 
4.7. 
4.8 MAJOR ELEMENT ANALYSES: RELEVANT PREVIOUS WORK , 
Analytical studies of plutonic rock suites (with relation to their 
tectonic setting) are not as numerous as those of volcanic suites. 
Three of the most recent are those by Christiansen and Lipman (1972), 
Johnston et al (1976) and Petro et al (1979). Work on volcanic suites 
has been extensive and the chemical techniques used have been applied 
to plutonic series. The recognition and distinction of differing 
suites has continued from the early work of Daly (1911) and Cross (1915). 
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TABLE 4.6. MAJOR ELEMENT CHEMISTRY OF THE GR0SLI 'VINOR' GABBROS (weight percent) 
ANALYSIS Si02 Ti02 




1 47.90 1.63 18.29 1.38 10.43 0.17 6.87 8.86 2.68 1. 51 99.72 
2 47.34 1. 59 17.87 1.90 9.91 0.17 7.61 8.08 2.12 2.43 99.02 
3 46.94 1.61 20.00 2.06 9.43 0.17 6.39 9.60 2.69 0.57 99.46 
4 45.32 1.03 19.05 1.13 9.67 0.15 11.26 8.91 2.19 0.29 99.00 
(0 5 49.02 1. 52 16.95 2.68 9.34 0.20 6.63 8.58 2.41 0.44 97.77 
~ 
6 47.05 1.63 18.54 1.21 11.48 0.19 7.13 9.52 2.47 0.34 99.56 
7 49.43 2.31 14.14 4.32 10.07 0.25 4.50 9.72 1. 76 0.85 97.35 
8 48.73 1.94 15.17 2.03 11.46 0.16 6.43 8.32 3.21 0.41 97.86 
9 46.03 1.30 15.57 4.74 8.72 0.18 9.21 7.33 1.83 2.77 97.68 
10 46.57 1.46 16.83 2.08 8.99 0.15 8.10 8.47 2.43 2.02 97.10 
11 50.52 3.13 15.65 2.12 10.34 0.20 3.43 8.27 3.21 2.40 99.27 
12 46.97 1.00 20.65 1.82 8.38 0.14 7.66 9.00 2.58 0.47 98.67 
13 51. 70 1.20 18.32 2.B1 9.12 0.36 3.61 6.66 3.07 1.97 98.B2 
14 49.78 2.41 13.56 3.66 10.55 0.20 5.20 8.30 2.30 1.61 97.57 
15 51.28 1.57 15.54 1. 71 9.23 0.17 6.70 7.03 2.47 1.53 97.23 
16 47.46 1.43 17.27 1. 80 9.71 0.17 7.71 7.88 2.22 2.19 97.84 
17 50.18 2.75 18.0B 4.99 5.63 0.14 3.12 6.16 4.62 1. 57 97.24 
18 52.07 1.62 17.67 1.44 9.09 0.16 5.38 7.70 2.54 1.14 98.81 
TABLE 4.6 continued 
1 to 6 and analysis 12. Coronites 
7 and 8. Late stage amphibolites. 









































































































































































































































































Genetic implications of chemical variation trends have slowly been 
recognized, with workers such as Macdonald (1960, 1964) distinguishing 
continental and oceanic characteristics and Kuno (1960) recognizing 
high alumina basalts, tholeiitic basalts and alkali basalts. The 
recognition of differences between 'orogenic' types (island-arc and 
other subduction zone volcanics) and 'anorogenic' types (tensional 
plate margin and Hawaii-type, within-plate magmatics) based on major 
element trends have been discussed by Irvine and Baragar (1971), 
Miyashiro and Shido (1975), Pearce (1976) and various other authors. 
Petro et al (1979) combined the methods of several workers and 
produced a set of plots which they used in combination, to distinguish 
compressional and extensional environments of origin. They used 
plots of alkalies versus silica (from Christiansen et aI, 1972), 
differentiation indices (from Thornton et al, 1960) and AFM plots 
distinguishing tholeiitic and calc-alkaline series (from Irving and 
Baragar, 1971). 
Problems with the use of major element data are twofold; firstly, 
there is a large overlap between the fields and secondly, many of the 
major elements are mobile, certainly during metamorphism and particul-
arly under the influence of fluid activity. This casts some doubt on 
the use of many plots, especially those involving alkali elements. 
The question of mobility of elements during metamorphism has been 
studied on gabbro-amphibolite pairs in South Norway by Elliott (1972) 
who indicated that metamorphism was not isochemical, with movement of 
K, Fe, Ca and probably Si, in the transition. Therefore, in the 
diagrams used, the essentially unaltered coronites were the only samples 
initially studied for trends. Garcia (1978) points out that the majority 
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of analyses have been carried out on volcanic rocks and more work is 
necessary on plutonic suites. Since Petro et al (1979) have applied 
the chemical plots, used for volcanics by previous workers, to 
their plutonic rocks, the same techniques have been used in analysis 
of the Gr¢sli plutonics. 
4.9 MAJOR ELEMENT ANALYSES OF THE GR0SLI 'VINOR' INTRUSIONS 
Fig. 4.8 shows that the coronite analyses plot closer to the 
trend for 'extensional' rock suites than for 'compressional' suites, 
although there is some ambiguity at the higher CaO values where the 
two trends cross. An AFM plot (Fig. 4.9) shows that the coronites 
and their metamorphic equivalents fall within the tholeiitic field 
of Irvine and Baragar (1971). It should be noted, however, that 
this plot is incapable of distinguishing ocean floor tholeiites from 
island-arc tholeiites. There are insufficient data to give definite 
conclusions from the other diagrams used by Petro et al (1979) since 
extensive overlap between the trends requires a large number of points 
to define a line. 
The relative positions of the metagabbros and amphibolites on the 
AFM diagram indicates that the metamorphism appears to have effected 
relatively little chemical mobility. This is not surprising on this 
diagram, since Elliott (1973) considered that total iron and maV1esium 
remained static while potassium increased during amphibolitization. 
On the AFM diagram, such increases would lead to a slight movement 
towards the alkali corner of limited extent, since the absolute alkali 
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Use of the discriminant function analysis diagrams of Pearce (1976), 
produced very wide scatters, with no patterns of distribution. The 
extent of scatter of these plots proves the limited applicability of 
such major element discriminations applied to rocks which have under-
gone metamorphism. The use of major elements in altered basic rocks 
is beset with problems created by the differential mobility of certain 
elements. At best, an extensional or compressional environment of 
formation may be suggested. 
4.10 TRACE ELEMENT ANALYSES: RELEVANT PREVIOUS WORK 
Trace elements have been widely used in determining basic rock 
protoliths. The so-called 'immobile elements' have been of special 
interest since they have been considered to retain their original 
concentrations during hydrothermal alteration and low grade meta-
morphism, e.g. Cann (1970), Pearce and Cann (1971, 1973), Bickle and 
Nisbet (1972), Wilkinson and Cann (1974). Floyd and Winchester (1978) 
used trace element data from spilites, Archaean greenstone suites and 
greenschist/amphibolite assemblages to define the origin of these 
rocks. The most commonly studied of these 'immobile elements' are 
Ti, Zr, Y, La, Ce, Nb, Ga and Sc. 
In South Norway, Field and Elliott (1974) concluded that during 
the metamorphism of basic plutonic rocks to amphibolities, all the 
aLove elements, with the exception of Zr, remained static. Zr may 
have become slightly enriched within the arnphibolites. However Pearce 
and Cann (1973) consider Z1' to be essentially immobile during meta-
morphism. 
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4.11 TRACE ELEMENT ANALYSES OF THE GR0SLI 'VINOR' INTRUSIONS 
Pearce and Cann (1973) used a plot of Ti versus Zr to discriminate 
between island-arc basalts (IAB), ocean floor basalts (OFB) and within-
plate basalts (WPB). The plot utilised the fact that there is a 
general increase in Zr and Ti consecutively through the three groups 
above. Garcia (1978) confirmed this plot as one of the most useful 
for discrimination of island-arc and other magma types, but added 
that it was not always capable of discriminating between the two types 
when Ti contents were low. Fig. 4.10 shows that all of the Gr¢sli 
basic rocks plot well away from the lAB field and, whilst not actually 
lying completely within the MORB and WPB fields, certainly have Ti and 
Zr values consistent with ocean floor basalts. 
Pearce and Cann (1973) also used a triangular plot of Zr/Ti/Y 
(Fig. 4.11) which also contained a field of overlap between volcanic 
arc lavas and ocean floor types. The very large scatter of the Gr¢sli 
rocks across all fields in this plot has been suggested (Pearce, pers. 
comm. 1980) to be due to fractionation and differentiation of the 
parent rocks (now coronites). This explains the rocks which plot 
towards the Ti apex, which are clinopyroxene-magnetite cumulates. The 
group of points which are encircled by dashes in Fig. 4.11 all plot 
within the WPB field and, with one exception, are coronites without 
cumulate textures (with olivine gabbro or gabbro mineralogies). These 
rocks are probably the parent rock type. The remaining and widest 
dispersed groups of rocks are all metagabbros or amphibolites. They 
could be explained as original derivatives of the parent magma along 
a fractionation trend. However, extreme caution must be exercised in 
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during metamorphism (in some cases extensive) and it is not clear 
from this diagram whether magmatic or metamorphic fractionation is 
responsible for the trend. 
Pearce and Gale (1977) used a plot of Zr/Y versus Ti/Y to 
discriminate between WPB and plate margin basalts (PMB). This diagram 
makes use of the enrichment of Zr and Ti but not Y, characteristic of 
within-plate basalts. The plot effectively removes the problem of 
overlap between WPB and mid-ocean ridge basalt (MORB) in the Ti versus 
Zr diagram (Fig. 4.10). The same authors also used, in combination 
with the above plot, a discriminant analysis based on the fact that 
for any Ti value, the Cr value of island-arc basalts (IAB) will be 
lower than for ocean floor basalts (OFB and MORB). These two plots 
thus split the three fields of IAB (calc-alkaline and tholeiitic), 
OFB (MORB) and WPB without any overlap. 
A Zr/Y versus Ti/Y diagram for the Gr¢sli rocks (Fig. 4.12) 
shows a spread of points across the PMB/WPB boundary. The coronites 
plot mainly within the WPB field, but very close to the boundary, 
while the cumulate differentiates plot well within the WPB field by 
virtue of their high Ti content. The metagabbros and amphibolites 
plot largely within the PMB field; and if these rocks are then plotted 
on a Cr versus Ti diagram (Fig. 4.13) it can be seen that they fall 
well within the MORE field. On the basis of these two diagrams it 
seems therefore that the rocks may represent either: (i) within-plate 
basalts (WPB) which have had their chemistry somewhat altered during 
metamorphism to resemble MORE ty~es, or (ii) two magma types, or 
(iii) one transitional WPB/MORB magma type. Fractionation processes 
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of concentrating the incompatible elements. 
Pearce (in press) has used a number of discriminant plots to 
determine environments. These plots included Zr/Y versus Zr, Cr 
versus Y and Cr versus Ce/Sr. The first of these plots (Fig. 4.14) 
produces a trend very similar to Fig. 4.11. The majority of points 
plot in the MORB field with some in the WPB field. A diagram of Cr 
versus Y (Fig. 4.15) produces effectively the same result. A Cr 
versus Ce/Sr diagram has not been used in the Gr¢sli study since there 
is evidence (Field and Elliott, 1974) that Sr was fairly mobile in 
the Bamble Series rocks of South Norway and this may also have been the 
case in the Kongsberg Series. 
Several common factors emerge from the discriminant plots: 
1. There is a group of analyses (mainly of coronites; ringed in 
Figs. 4.11, 4.12, 4.14, 4.15) which are always close to the WPB-
MORB boundary and often traverse it. 
2. A group of magnetite-clinopyroxene cumulates plot in areas of 
higher Ti and somewhat lower Zr values. Their cumulate nature 
causes them to plot in various fields ranging from IAB through 
OFB to WPBdepending on the diagram used. 
3. A group of metagabbros and amphibolites plot in both MORB and 
WPB fields, but with a preponderance in the former. 
The variations described above between the coronites and the 
more metamorphosed rocks can be ascribed to one or more possible 
causes: 
a) Igneous fractionation. 
b) !1et amorphisr.1. 






















































d) One magma of transitional WPB/MORB character. 
The field relationships argue against the metagabbros and amphi-
bolites being genetically distinct from the coronites (i.e. formed 
from a separate magma). While extreme igneous fractionation could 
cause the differences in the location of the plotted points, it is 
not a likely event in the Gr¢sli area since all the rocks are of 
basaltic composition. Pearce (in press) notes that even acid end 
members of basaltic fractionation trends have tended to remain in 
their parental fields. However, the differentiated cumulates of the 
Gr¢sli area do frequently plot in separate fields. Thus, the combined 
effect of metamorphism and fractionation may well have enhanced any 
differences, but these two factors alone are considered unlikely to 
have caused the entire variability, particularly since these elements 
are usually considered immobile. 
Pearce and Gale (1977) recognized a transitional rock type showing 
both OrB and WPB characteristics. They cited three Norwegian examples 
of basaltic hosts associated with ore deposits [Joma (Grong) and 
R¢ros, both of Caledonian age and Bidjovagge (rinnmark), of Pre-
cambrian age]. They considered that these rocks were formed at a 
continental margin in a small ocean of Red Sea type. Pearce (in press) 
has stated that those transitional magmas are characteristic of 
diffuse spreading centres (such as occur today in Iceland, Afar and 
the Azores) rather than at normal ocean ridge locations. 
The major part of the Gr¢sli 'Vinor' body is formed from a single 
intrusive phase and its trace element characteristics can be explained 
largely in terms of it being of a transitional nature of both MORB and 
WPB types. If analogies are feasible between Precambrian environments 
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and Mesozoic-Cainozoic plate-tectonic regimes, then the Gr¢sli 'Vinor' 
would appear to be the deep level equivalent of lavas erupted at a 
divergent plate margin. The rocks were intruded into continental crust 
(the supracrustals) in a similar environment to Red Sea and Afar-type 
spreading and thus represent the commencement of rifting (i.e. an 
incipient constructive plate margin). The partial WPB characteristics 
of the early magma would thus be explained in terms of this being a 
juvenile rather than a mature rift. That this rifting was aborted 
(possibly in a similar way to the East African Rift system) is shown 
by the fact that the Sveconorwegian orogeny occurred relatively soon 
after the 'Vinor' intrusions. 
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CHAPTER rIVE 
THE ORE DEPOSIT AT GR~SLI AND ITS METAMORPHISM 
S.l INTRODUCTION 
At Gr¢sli, both the massive ore and the disseminations consist 
of pyrrhotite, pyrite, sphalerite and chalcopyrite. Any of the four 
phases may be dominant although sphalerite and chalcopyrite are the 
least abundant and may be entirely absent in some specimens. Galena 
is present in accessory amounts. Oxides (magnetite, ilmenite and 
rarer rutile) are present within the sulphide assemblage where the ore 
is enclosed in basic rock. The ores within the gneisses are oxide 
free (except for supergene alteration). Within the basic rocks, the 
oxides may form up to 20% of the ore assemblage but usually comprise 
less than 5%. Ilvaite also occurs as very rare grains, again only 
within ore enclosed by basic rock. Gangue minerals include sericite, 
chlorite, actinolite, quartz and calcite. 
The ore bodies at Gr¢sli underwent high grade regional metamorphism 
producing recrystallization and annealed textures whilst non-synchronous 
directed stress resulted in deformation. The ore deposit can be split 
into two groups: ore with complex textural features (at the mine and in 
a northerly extension) and ore with les~ complex features (to the south). 
5.2 THE MINE ORE BODY 
Several fabrics have developed within what is the northernmost 
part of the ore deposit. The differing textures are a result of the 
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mineralogy of the assemblages since the difference in the competence 
of the minerals has caused them to react differently under the same 
metamorphic conditions. The fabric now visible is due largely to a 
late brittle stress which produced a gneissic fabric in the ore. The 
other dominant feature is the presence of large, early pyrite porphyro-
blasts which (where present) have prevented the development of the 
gneissic texture. 
5.2.1 Mineralogy 
Very large pyrite porphyroblasts occur in a matrix of pyrrhotite 
with minor sphalerite and chalcopyrite. Perfect pyrite cubes have edges 
up to 15 cm long and reflect a static growth period. They contain 
inclusions of all the other sulphides and are often broken, the cracks 
usually being infilled by chalcopyrite or silicate gangue or an inter-
growth of the two (Fig. 5.1). 
pyrrhotite exhibits only xenoblastic habits and is commonly inter-
grown with sphalerite and chalcopyrite. Pyrrhotite crystals show both 
early pre-tectonic thermal recrystallizations and later deformational 
overprints. Very pronounced glide twinning, kink banding and undulose 
extinction are common (Figs. 5.2, 5.3). Annealed features include equi-
dimensional mosaics of crystals often showing 120
0 
triple junctions 
(Fig. 5.4). Sub-grain development (Fig. 5.5) is also common. Crystals 
also occur exhibiting no strain. 
Sphalerite and chalcopyrite are usually both minor phases. The 
sphalerite crystallized at the same time as the pyrrhotite although it 
behaved someHhat differently under stress. Almost all sphalerite crystalS 
contain extensive exsolution blebs of chalcopyrite which occur in strings 
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fIG . 5 . 1 . Chalcopyrite and gangue infilling brittle cracks in pyrite . 
Plane polarized light (PPL) . Oil emersion. X64. 
fIG . 5.2 . Glide twins in pyrrhotite flexed around sphalerite. CroSsed 
polarised light (XPL). Air. X2S. 
1 
FIG. 5. 3. Strain extinction in pyrrhotite grains . XPL. Air. XlO . 
FIG. 5.4. Equilibrium triple junctions in pyrrhotite crystals . XPL . 
Air . XIO. 
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along the crystallographic directions. Chalcopyrite often exhibits 
intrusive and replacive textures in the other sulphides and is often 
associated with silicate gangue. The fact that chalcopyrite infills 
even the brittle cracks in pyrite indicates that it was still mobile 
late in the history of the ore body. 
5.2.2 Fabric 
Where little or no pyrite is present, a strong, coarse gneissic 
texture has developed. Compositional banding (possibly primary) is 
fairly common on a microscopic scale and zones of pyrrhotite-sphalerite 
can be distinguished from zones of dominantly pyrrhotite composition 
(fig. 5.6). The latter bands exhibit a range of textures. Pyrrhotite 
glide twins are highly distorted and in places shear has continued and 
produced fracture of the crystal lattice. Strong undulose extinction 
is alsO common. However, textures of annealing have been overprinted 
on this highly sheared fabric (Fig. 5.7). Since the stress effects 
are still visible, it is clear that the recrystallization was incomplete. 
Glide twins in pyrrhotites outside the pyrrhotite bands become poly-
gonized at their boundaries as they approach these recrystallized bands 
(Fig. 5.8). These bands are the zones along which the most extensive 
movement and deformation has occurred. Stanton (1972) states that "under 
a given set of conditions, that portion of a grain or of a single phase 
aggregate that has been deformed most severely will crystallize most 
rapidly". Extensive sub-grain development also occurs within these 
bands and Stanton again considers that this type of texture could be 
due to a partial annealing. These bands also contain hi~hly xenoblastic 
crystals with ragged margins and strong undulose extinction. These 
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fIG . 5.5 . Sub- grain development in pyrrhotite. XPL. Oil . X64 . 
FIG. 5.6 . J unction of highly sheared , pyrrhotite dominated zone (to the 
right of the photo) and less sheared pyrrhotite-sphalerite 
zone (to the left). XPL . Air. XIO . 116 
FIG . 5.7. Highly sheared pyrrhotite zone eXhibiting post-tectonic re-
crystallization to a mosaic of unstrained crystals. XPL . 
Air. X64 . 
FIG . 5.8. Polygonization (recrystallization) of deformation glide twins 
in pyrrhotite. XPL. Oil . X160. 
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crystals are larger than the recrystallized matrix and are often rounded 
or exhibit augen shapes. They are pyrrhotites which have not re-
crystallized and represent relics of the fabric produced by the 
deformation (Fig. 5.9). Further evidence of the high degree of shear 
within the pyrrhotite bands is provided by the occasional sphalerites 
present. They have become very elongated and drawn out in flasers 
parallel to the shear direction. 
Within the pyrrhotite-sphalerite bands, the two minerals are 
present in equal proportions. The pyrrhotite crystals are much larger 
than in the pyrrhotite rich bands. Several types of grain junction can 
be identified. Rare, relict triple junctions occur (Fig. 5.4) but more 
usually junctions are in high energy states: kinked, cuspate or ragged 
and broken junctions are most common. An earlier equilibriurn mosaic 
of crystals has been overprinted by the gneissic texture during de-
formation. The gneissosity is not so well developed in these bands 
and the pyrrhotites have maintained their shape, showing only glide 
twinning and kink banding without rupture. Clark and Kelly (1973) 
state that at 2500 C pyrrhotite loses its strength, becomes ductile and 
twin gliding commences. The sphalerites present have thus acted as 
resistant masses against which the more ductile pyrrhotite has been 
deformed (Fig. 5.10). The presence of the sphalerite has prevented 
the excessive shearing of the pyrrhotite component. Stress cannot have 
operated over a long period of time since the pyrrhotites have not 
flowed by creep around the sphalerites. It is suggested that the 
pyrrhotites were squeezed against the sphalerites rapidly rather than 
slowly. Two twin directions occur within the pyrrhotites in this band 
type. Clark and Kelly state that these develop with one set at a high 
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FIG . 5.9 . Relict, syn-tectonic augen of pyrrhotite within a matrix 
of post-tectonic recrystallized pyrrhotite. XPL . Oil. X64 . 
FIG . 5 .10 . Pyrrhotite-sphalerite zone exhibiting strong glide twinning 
in the pyrrhotites . XPL . Air . XIO. 
119 
angle to the maximum compression direction and one set at a low angle. 
No later features of annealing occur within these latter bands, 
suggesting that the recrystallization of the pyrrhotite bands is due 
to either frictionally generated heat or due to the high degree of 
internal energy possessed by the highly deformed crystals. Where pyrite 
is dominant, the gneissic textures are even less well developed and, in 
the zones containing the very large porphyroblasts, there is no foliation. 
Early triple junctions are very well developed between crystals within 
the vicinity of the pyrites. Strong glide twinning occurs in the 
pyrrhotites where they have been deformed against the pyrites which 
have acted as resistant blocks. The same stress has caused the cracking 
of the pyrites. Pyrrhotites surrounded by pyrite cubes lack stress 
features due to the protection afforded them by the competent pyrites 
(Fig. 5.11). The pyrites have grown to their large size because of 
favourable conditions. Firstly, the matrix in which they occur is 
dominantly pyrrhotite which itself has a low crystalloblastic energy.' 
Secondly, the combination of the heat from the metamorphism and the 
huge gabbro body provided high temperatures with a slow cooling rate 
to allOW the pyrite time to grow to substantial sizes. 
Ores from borehole 4 also exhibit the same fabrics found in the 
mine. Some of the pyrites present are due to supergene 'birds-eye' 
alteration (Fig. 5.12) but this is not a common features. Other ('dust-
bin') pyrites contain much sphalerite especially towards their margins. 
The original pyrite may have contained many impurities (suggesting a 
non-magmatic origin) which on metamorphism were mobilized and migrated 
to the crystal edges where they coalesced into larger grains. 
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FIG . 5. 11 . Unstrained pyrrhotite cyr stals protected by pyrite cubes . 
XPL . Air . XIO . 
FIG . 5.12 . Supergene 'birds-eye ' alteration of pyrrhotite to pyrite . 
PPL . Oil. X64. 
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5.2.3 Deformation and recrystallization history 
The size of the pyrite porphyroblasts and their well developed 
shapes together with the relict polygonal mosaic of large crystals, with 
good equilibrium triple points, suggests an early phase of high temp-
erature recrystallization of the ore body. Over this fabric a deform-
ational episode has produced a gneissic texture. Glide twins and 
undulose extinction (sometimes superimposed over crystals still exhibiting 
relict triple point junctions) have developed together with ragged and 
irregular disequilibrium crystal boundaries. Cracking of the pyrite 
cubes is also a feature of this phase. Deformation was low grade with 
little or no annealing later, except in the most highly deformed pyrrhotite-
rich bands of the gneissic ore. Finally, chalcopyrite flowed into cracks 
produced in the pyrite. Within the mine area a late brittle shear plane 
dips to the east, but is not found to the south. The stresses which 
caused this shear plane were also responsible for the deformational 
phase which produced the gneissic texture of the ore and the brittle 
fracture of the pyrite. 
5.3 THE SUB-SURFACE ORE BODIES' (SOUTH OF THE MINE) 
Sulphides occur in both gneisses and basic rocks, in some cases 
within distinct veins. However, in most cases within the basic rocks, 
the ore has a late-stage interstitial appearance and is usually totally 
xenoblastic where associated with silicates (Fig. 5.13). Where the ore 
is massive, it shows much less severe deformation features than the mine 
ore. The sulphides occur in interstitial relationships with unaltered 
coronite in borehole 10. In borehole 11, sulphides and micas crystallized 
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FIG. 5 .13. Interstitial pyrrhotite surrounding plagioclase laths in 
coronite . XPL . Air. X10. 
FIG . 5.14 . Synchronously crystallized pyrrhotite and micas in hydro-
thermally altered gabbro . XPL. Air. X10. 
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synchronously to form a total replacement and hydration of the original 
basic rock (Fig. 5.14). To the north of borehole 10, the massive 
developments are located within gneisses. 
Crystal size in these massive ores is generally gr.eater than in 
the mine ore, especially where they are enclosed by basic rock. Pyrite 
porphyroblasts are developed throughout the G~sli deposits, but never 
reach the sizes of those present in the mine. Ores from borehole 11 
have no deformed crystals but those from 7 and 10 show some strain with 
undulose extinction and rare twinning (although effects are much weaker 
than in the mine samples). Deformation features become more common and 
more strongly developed towards the margins of the ore bodies. Silicate 
and oxide inclusions within the sulphides show partial sulphidization 
(Fig. 5.15). Ductile sulphides show disequilibrium boundaries with 
strongly serrated junctions resembling corrosive replacement features. 
Most silicate and oxide crystals show early stages of replacement with 
zones of sulphide within them. Chalcopyrite generally consolidated lAter 
than the other sulphides and shows strong replacive characteristics 
against all other minerals. 
The sulphides thus appear to have reacted with the silicates 
and replaced them. Pyrite and pyrrhotite occupy large areas where they 
have totally replaced silicates. In other places the sulphides (especi-
ally pyrite) poikiloblastically enclose oxides and silicates. The oxides 
are commonly rounded in shape suggesting they have been caught-up, rolled 
anj enclosed within the sulphides (Fig. 5.16). Ilmenite and magnetite 
both commonly occur either as individual grains or as a patchwork inter-
growth of the two. Ilmenite exsolution from magnetite and rutile ex-
solution from both ilmenite and magnetite are also present. ~lassive 
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FIG. 5. 15. Sulphidization of silicate host rock (gabbro) . PPL . Air. 
X10 . 
FIG . 5. 16 . Rounded magnetite xenoblasts in sulph ide matrix . PPL . Air . 
X10 . 
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sulphides within the gneisses generally show more intense deformation 
features than those within basic rocks. 
5.3.1 Deformation and recrystallization history 
It is suggested that the ore within the coronites and metagabbros 
represents material that was caught-up and melted during the intrusion 
of (anhydrous) olivine gabbro. Pyrrhotite (M.P. 1190oC) is common 
within these rocks. Whilst the gabbro may have reached this temperature 
when totally molten, the early crystals (olivine, magnetite and calcic 
feldspars) appear to have already formed at the time the ore was in-
corporated. Therefore, it is possible that the pyrrhotite formed as 
a result of the incongruent melting of pyrite which occurs at 742oC. 
Recrystallization of the sulphides resulted in the development of inter-
stitial textures. Some of the ore present in borehole 11 is associated 
with hydrothermal alteration products of the original silicates and has 
crystallized synchronously with the hydrous minerals (mainly chlorite 
but also sericite-muscovite and some calcite). The re-mobilization of 
the ore into the rock in this case is obviously associated with localised 
hydrothermal activity and cannot be traced to any other borehole. 
A suggested mode of formation of the hydrothermal are is as follows. 
The ore may have been re-mobilized by fluids during greenschist facies 
metamorphism, after the intrusion of the gabbros, and after the epidote-
amphibolite overprint, since ore occurs surrounding minerals formed 
during this stage in 'low grade' amphibolites. Where sulphides occur 
across the gabbro-gneiss junction (e.g. borehole 11), the boundary can 
be determined by the occurrence in the sulphide assemblage of oxides 
which can only have come from the basic rock. In borehole 11, as in 
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many of the other boreholes at Gr¢sli, there is a clear but gradational 
succession towards the gneiss margin, reflecting progressive hydration 
from coronite through metagabbro to amphibolite. The hydrothermal ore 
deposits are present at the periphery of the basic intrusions located 
in rocks which have undergone extensive hydration. The sulphide-mica 
assemblages often exhibit relict sub-ophitic textures indicating the 
original igneous parent rock. These factors therefore suggest a post-
intrusion re-mobilization and relocation under hydrous conditions of a 
minor part of the ore deposit. 
5.4 AGE CORRELATIONS BETWEEN ORE AND HOST ROCK METAMORPHISM 
The presence of sphalerite and lack of nickel bearing sulphides 
in the ore assemblage indicates that the ore was not of magmatic origin 
and may have been part of the supracrustal sequence. This sequence 
underwent amphibolite facies metamorphism in Svecofennian times. The' 
ore would thus have a thoroughly recrystallized fabric prior to the 
development of the textural features described above. The Sveconorwegian 
orogeny reached mid-amphibolite facies conditions. This, and the 
intrusion of the Vinor basic bodies at the start of the metamorphism, 
led to a total recrystallization of the ore body. If oriented fabrics 
were developed by the stresses of the gabbroic intrusion, they were 
subsequently annealed due to the high regional heat flow. Pyrite cubes 
reached very large sizes and triple junctions developed indicating 
attainment of complete equilibrium. A second metamorphic overprint 
caused the development of epidote-amphibolite and later greenschist 
facies mineralogy in the silicate rocks. The presence of water led to 
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re-mobilization of minor amounts of the ore body and its subsequent 
precipitation as a hydrothermal deposit. 
A low temperature deformation episode was then imposed on the 
rocks. This was a very localized event at lower greenschist grade 
and gneissic textures were developed in the ores. These featUres are 
best developed in the north of the area where a late brittle shear 
passes over and through the ore body, at the mine. This shear is not 
present to the south where deformational features become less intense. 
Ores, within gabbroic rocks to the south of the mine, show little or no 
deformation due to the remoteness from the shear and also to the shielding 
effect that the gabbro had on any directed stresses. Post-tectonic 
recrystallization was very restricted and occurs only in the most highly 
strained parts of the ore where the stored energy was high enough for 
new grain development. The fact that many of the deformational features 
still remain, indicates that the deformation was at low metamorphic 
grade with no heat available for subsequent annealing. 
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CHAPTER SIX 
STRUCTURE, LITHOLOGIES AND AGE RELATIONS AT EIKER 
6.1 INTRODUCTION 
The rocks of Eiker may be divided into three main lithological 
groups; the amphibolites, the acidic supracrustals and the sulphide 
ores. Northern and southern sub-areas can be distinguished (Fig. 6.1); 
both contain acidic supracrustals and basic rocks, but in the north 
the latter form intrusive stocks, while in the south they are con-
cordant sheets within the supracrustals. From field evidence alone~ 
it is not possible to tell whether these concordant basic sheets are 
part of the supracrustal sequence or later intrusions. The ore body 
is located entirely within a fault zone which trends NE-SW, roughly 
parallel to a major junction between basic intrusions and supracrustals 
(Fig. 6.1). The northern and southern sub-areas will be considered 
separately. 
6.2 THE NORTHERN SUB-AREA 
This constitutes the larger part of the study area and the divisions 
and relationships between the acidic and basic rocks are clear, in 
contrast to the southern sub-area. The sulphide-bearing shear zone IS 
located entirely within the northern sub-area. 
The supracrustals are leucocratic, massive to well-foliated rocks 
which form the lower lying land of the northern sub-area. Where 
developed, the foliation is fully penetrative and strikes NE-SW to the 
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north of the shear zone, changing to E-W to the south of it (Fig. 6.2). 
This foliation is even constant across intrusive margins which are at 
a high angle to it, a feature taken to indicate that a high grade, meta-
morphic tectonic event occurred after the emplacement of the proto-




to the north 
or north-west, varying both along and across the strike. There is no 
consistent change in dip as basic rock junctions are approached. 
The strike of the foliations can be related to open folds and 
flexures. The gneisses were bent and folded around the more massive 
amphibolite intrusions, so that the foliations are now concordant to 
the intrusive contacts. Later features such as kink-bands are occas-
sionally present. This later deformation is also displayed within the 
shear zone (see Section 6.3), and on a microscopic scale, with kink 
bands developed in biotites and frequent grain boundary granulation 
in quartz and feldspars. There is little evidence of an earlier, 
higher grade shearing in the gneisses, but rare intrafolial shear folds 
are developed, plunging steeply to the east or north-east. On a micro-
scopic scale, the development of augen gneisses and recrystallized 
cataclastite textures are evidence of a higher grade deformation, which 
can also be related to features in the shear zone. 
The amphibolite bodies of the northern sub-area form rounded out-
crops and have the appearance of small stocks or bosses which may 
connect at depth. These rocks are usually well foliated, with the 
o 
fabrics striking parallel to the contacts and dipping from 60 north 
or north-west to vertical. The amphibolites often contain xenoliths 
of gneiss at their margins and also further in from the contact. Th~se 
xenoliths may well be roof pendants or blocks which were stoped by 
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ascending basic magma. The discordant nature of the amphibolite-gneiss 
contact is evident on a small scale (fig. 6.3) with minor discordancies 
and apophyses. 
The actual contact may be sharp or more complex, when it is related 
to a progressive intrusion of basic material. This produces an inter-
banding of gneiss and amphibolite, the relative abundance of each rock 
type being related to the proximity of the main amphibolite bodies. 
Alternations may occur down to the millimetre scale. The bands have 
sharp margins and the foliations are totally concordant with those of 
surrounding rocks. Towards the intrusion, this interbanded rock type 
may grade into a more mixed gneiss-amphibolite rock. In this case, 
amphibolite is dominant, but zones of relict gneissic material are 
still visible. The injection of basic material can be seen on a micro-
scopic scale and all foliations are often highly distorted, in proportion 
to the extent of injection and assimilation of the gneisses. 
. 
In some cases, mobilization of the acid gneisses has occurred and 
led to the development of numerous felsic ptygmas. These ptygmas are 
very similar to metamorphic quartzo-feldspathic segregations (which 
occur frequently in the amphibolites), but field relationships of the 
mixed rocks, which only occur near the junctions, serve to distinguish 
the two types. The field relationships in the northern sub-area thus 
present unequivocal evidence for the intrusive nature of the amphibolites. 
6.3 THE SHEAR ZONE 
This zone widens northwards from a 2cm broad shear, ten metres 
south of working no.l, within a large amphibolite body (Fig. 6.3). 
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Further south there is no evidence of dislocation. The zone develops 
in a NNE direction and is clearly identifiable for 600 metres to 
shaft 11, where it has widened to a maximum of 20 metres. Further 
north, drift covers the shear zone which can, however, be traced as 
a tract of low and boggy ground trending in a north-easterly direction 
(Fig. 6.4). 
The shearing in this zone varies.in intensity. Discrete shear 
planes are common and are separated by zones of more or less highly-
fractured rock. The shear zones are now composed of chlorite-actinolite 
schists, reflecting late brittle dislocations which were the most 
intense movements. They also bifurcate and die out along their strike, 
although even when they are not present, the fracturing in the zone 
is still more intense than in the surrounding country rocks. More 
competent units within the shear zone show necking and thinning, pro-
ducing boudins (Fig. 6.5). The zone and individual shears within it, 
vary in both dip and strike, with dips ranging from 35° to 65 0 north-· 
west. The upper margin of the shear zone often dips at shallower 
angles than the lower margin (i.e. the zone widens at depth, where the 
majority of the ore has been mined). Slickensides are frequently 
developed down the dip of the shear zone. The slickensides and boud-
inage freatures indicate that the sense of movement was essentially 
down dip, although it is not clear whether the shearing was in a normal 
or reverse sense. (The boudinage would suggest a tensional normal 
faulting.) The shear zone termination in the south-west suggests that 
the faulting may have been a scissor movement with its hinge at that 
end. 
The shear zone is located near the junction of the supracrustal 
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FIG. 6.4. View north-eastwards from shaft 11 showing drift covered 
extension of shear zone. 
FIG . 6.5 . Shear zone with 
competent band (above hammer) 
showing necking and thinning . 
The band is bordered by two 
brittle shear planes. 
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gneisses and the amphibolite body. The southernmost part of the shear 
is located within the amphibolite, but rapidly bends towards the 
junction as the shear is followed north, whence it is located variously 
in both rock types and the interbanded units. To the north of shaft 8 
(Fig. 6.3), the amphibolite body becomes much thinner in outcrop (10m) 
and forms part of an interbanded unit (Fig. 6.1). The thinning con-
tinues north until the basic rock is only one to two metres wide at 
shaft 11. Thus the amphibolite units within the interbanded rocks 
are intimately associated with the massive basic bodies and are sub-
concordant sheets or more irregular apophyses which have intruded the 
supracrustals at the margins of the stocks. 
Two tectonically included pods of rock (in shafts 10 and 11) bear 
no mineralogical resemblance to any other rocks in the area. Both 
pods have brittle fractUl~es which are continuous with the chlorite-
actinolite shears outside them, indicating the presence of the pods 
during the late brittle deformation episode. The pod in shaft 11 is 
an ultrabasic body with a metamorphically altered sheath which contains 
relcs of the ultrabasic parent (Fig. 6.6 and 6.7). The pod has con-
centric ring fractures developed as a result of refraction of the 
brittle shears as they passed into the different rock type. The dip 
of these shears shallows towards the base and the top of the pod. The 
pod in shaft 11 now consists of muscovite, chlorite and calcite. The 
mineralogy and origins of the pods are discussed in Chapter Seven. 
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FIG . 6.6 . Uncleaved ultrabasic pod (above hammer) and metamorphic 
rim (beneath hammer ). (Shaft 11 ) 
FIG . 6 . 7 . Relic of u1trabasic pod (in centre) within the metamo~phic 
rim. 
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6.4 THE ORE DEPOSIT 
Massive and disseminated sulphide ores (predominantly pyrite with 
minor chalcopyrite, sphalerite and pyrrhotite) are restricted to the 
shear zone. Outcrops of the ore at the surface are very limited and, 
where present, intensive weathering has oxidised both ore and country 
rock producing a rusty coloured lithology which is usually very friable 
(Fig. 6.10). 
The sulphides present at the surface show a high degree of de-
formation and are intimately associated with silicate rock fragments 
or individual silicate grains. Both amphibolite and acidic gneiss 
occur within massive sulphide and become impregnated by disseminated 
ore material. Thd silicate rocks are usually well-rounded fragments, 
commonly spheres and ovoids typical of the 'durchbewegung' fabrics 
(Figs. 6.8 and 6.9). Vokes (1970) explains that the texture described 
by this German word is produced by strong directional movement under 
higher grade metamorphic conditions. He states; "The movement producing 
such rounded forms (silicate rock) within the sulphide mass must be in 
the form of a thorough 'kneading' or 'milling' in which internal rota-
tional movements dominate". These silicate spheres and ovoids are 
probably gangue and wall material, plucked away during shearing. Later 
recrystallization of both ore and silicates in the 'durchbewegung' 
texture has produced coarse grained rocks. The ores display many 
deformational features from brittle shear planes to recrystallized 
mylonite textures (see Chapter Eight). 
The distribution of both massive and disseminated ore is random 
along both strike and dip, partly reflecting the extent of deformation 
that has taken place in the shear zone. The massive ore lenses out in 
136 
FIG. 6.8 . Large rolled gneiss fragments in weathered sUlphide host 
forming a larger scale ' durchbewegung ' fabr'ic. 




all directions and is often cut out by intersecting shear planes 
(Fig. 6.11). In shaft 11, the ore body is adjacent to a vein of black 
quartz two metres thick, but the junction is sharp and the quartz 
shows no signs of deformation while the adjacent sulphides have typical 
'durchbewegung' fabrics. The quartz vein is a later stage mineral-
ization (possibly Permian) and not associated with the SUlphides. The 
massive ore is largely concordant with the general trend of foliations 
of the immediately adjacent country rocks, but does show small scale 
and low angle discordancies with amphibolite and gneiss. Despite 
this, the ore is virtually stratabound on a large scale. 
6.5 THE LATE STAGE BASIC INTRUSIVES 
Two small amphibolite dykes are present just to the south of 
shaft 8, striking N-S (Fig. 6.3). These dykes are unfoliated but 
display extensive brittle shearing. A very small outcrop of meta-
gabbro (Fig. 6.1) has also intruded the supracrustals. These two 
rock types are not associated with the ore deposit, and are obviously 
later than the large amphibolite bodies. They may be similar to the 
late stage ('Vinor') amphibolite dykes at Gr¢sli. 
6.6 THE SOUTHERN SUB-AREA 
In contrast to the northern sub-area, the rocks of this sub-area 
are all developed in parallel bands, and there is often a gradation 
from acidic gneiss through hornblende gneiss and felsic-amphibolite 
to true amphibolite. This kind of gradation occurs both along and 
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FI G. 6.10. Rusty sulphide band bet ween two gneiss layers . 
FIG . 6.11 . Rusty sUlphide band (behind hammer) cut out by two inter_ 
sect ing shear planes with gneis s above. 
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across the strike. No intrusive junctions were observed on any scale. 
All of the units are foliated~ striking NE-SW of E-W and generally 
dipping north at 600 to 700 (Fig. 6.2). 
The origin of these basic rocks is dealt with in Chapters Nine 
and Eleven, but from field evidence alone, no definite conclusions can 
be drawn. In places, occurrence of interbanded amphibolite and gneiss, 
identical to those in the northern sub-area, suggest that the amphi-
bolites may have been intrusives. Discontinuous bands of ~leiss in the 
basic rocks can also be interpreted as xenolithic inclusions. However, 
there is a lack of even small scale discordancies which might be expected 
if the rock were intrusive. The presence of transitional mineralogies 
such as hornblende bearing gneiss and more felsic amphibolites could 
also be due to a supracrustal (sedimentary or volcanic) facies change. 
These mineralogies may also be explained by the mixing of basic volcanics 
and more acidic sediments. There is little or no evidence of shearing 
in the southern sub-area, unlike the sub-area to the north. 
6.7 AGE RELATIONSHIPS 
The Eiker area is part of the Kongsberg Series, which has always 
been considered as an integral tectonic unit. The rocks can thus be 
compared with those in the Gr¢sli area. Although no radiometric dates 
are available in the immediate vicinity of Eiker, the supracrustal 
gneisses and the later intrusive basic bodies are generally similar 
to those of the Gr¢sli mine area. 
The supracrustals may thus be considered pre-Svecofennian in age. 
Samples of quartzo-feldspathic gneisses of the supracrustal succession 
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9km north-east of the Eiker area gave Rb-Sr isochron ages (for their 
metamorphism) of 1580 ~ 50 m.y.B.P. (Jacobsen and Heier, 1978). 
The intrusive basic rocks at Eiker are somewhat different from 
those at ~sli, in that they are thoroughly metamorphosed and no 
relics of their original mineralogy remain. There are two possible 
explanations for the differences. Firstly, the basic rocks at Gr¢sli 
and Eiker may be of the same age, with differences solely due to a 
more thorough metamorphism in the Eiker region. A second possibility 
is that the intrusives at Eiker are earlier than those at Gr¢sli. This 
idea is supported by the presence of the late metagabbro intrusion at 
Eiker, which is identical to the larger bodies at Gr¢sli. The dif-
ference between the two intrusive groups could then be explained in 
terms of the greater age of the Eiker bodies. 
The Eiker amphibolites may thus represent early 'Vinor' intrusive 
phases or even earlier injections associated with older dioritic 
gneisses and amphibolites (see Chapter One). Jacobsen and Heier (1978) 
have dated the intrusion of dioritic gneisses from localities 12km 
north of Eiker at 1520 ~ 50 m.y.B.P. (i.e. Svecofennian in age). The 
age of the ore body is discussed in the following chapters. 
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CHAPTER SEVEN 
PETROLOGY OF THE SILICATE ROCKS AT EIKER 
7.1 THE AMPHIBOLITES 
In the area as a whole, the amphibolites have varying modal 
proportions of amphiboles and grade to amphibole bearing gneiss. The 
amphibolite bodies in the northern sub-area have rounded intrusive 
forms and are the most basic, with common hornblende as the main 
amphibole (Table 7.1). The hornblendes form elongate prisms up to 
5mm long, in the foliation, which is usually developed in these rocks. 
These hornblendes display a colourless to deep-green pleochroism, 
without the development of the blue-green colours present in many of 
the Gr¢sli amphiboles. Grain boundaries are usually straight although 
ragged ends to the crystals are common, while twinned and poikiloblastic 
forms occasionally occur. Rare monomineralic bands of hornblende (up 
to 2cm thick) are present and are composed of elongate crystals up to 
2mm long which are often interlocked in a tesselate pattern. Associated 
with these bands are layers of tremolite which have a non-directional 
fabric and display an equigranular tesselate texture. A small amount 
of calcite is usually associated with these bands, which seem to have 
formed by Ca metasomatism. 
Plagioclase feldspar is the second essential constituent of the 
amphibolites. It forms stubby laths up to O.7mm long but more 'often 
very irregular forms are developed. Twinning is on albite, pericline 
and Carlsbad laws, although some untwinned crystals are also present. 
Normal zoning is common, with rarer reverse zoning, giving oligoclase-
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TABLE 7. L ELECTRON MICROPROBE ANALYSES OF AMPHIBOLES IN THE EIKER AREA 
1 2 3 4 5 6 7 8 9 10 11 12 
Si02 4-0.62 4-0.13 40.41 4-0.54 39.89 52.49 52.10 50.24 48.54 52.54 52.95 54.20 
Ti02 1.13 1.00 1.13 1.03 1.03 0.04 0.12 0.15 0.43 0.20 0.10 0.13 
A1203 15.31 
14.07 14.94 14.23 14.74 3.95 4.98 5.34 12.20 5.11 5.60 4.74 
...... 
w;;. FeO 19.75 20.50 20.41 20.51 20.40 7.00 6.39 11.88 7.18 5.10 5.44 4.92 
W 
MnO 0.26 0.30 0.26 0.36 0.48 0.36 0.48 0.46 0.53 0.54 0.54 0.43 
MgO 7.53 7.34 7.29 7.10 7.27 19.74 19.03 15.72 15.61 19.32 19.72 20.13 
CaO 11.39 10.93 11.41 11.19 11.04 12.28 12.66 11. 56 11.51 12.54 12.71 11.56 
Na20 
2.42 1.90 2.11 1. 78 1.67 1. 31 1.52 1.69 1. 73 1.47 1.6B 1.22 
K20 
0.84 0.86 0.90 0.85 0.80 0.11 0.22 0.4-6 0.48 0.14- 0.22 0.15 
TOTAL 99.25 97.03 98.86 97.60 97.32 97.28 97.50 97.50 98.21 96.96 98.96 97.48 
FeO = total iron as FeO 
Analysis 1 to 5. Hornb1endes from amphiho1ites of the northern sub-area. 
Analysis 6 to 9. Hornblendes from rocks witn 'durchbewegung' fabrics in shear zone. 
Analysis 10 to 12. Actinolites from rocks with 'durchbewegung' fabrics in shear zone. 
andesine compositions (An22- 46 ). Post-crystallization deformation of 
the multiple twins is a common feature. Quartz is present as an 
essential, but minor constituent and forms individual crystals up to 
O.Smm across or aggregates of smaller irregular grains displaying 
undulose extinction. The mineral also occurs as later vein quartz, 
typically with crystals with highly irregular boundaries. Garnet is 
common and forms sub-idioblastic crystals up to 0.8mm across. These 
amphibolites are thus the products of total recrystallization of rnedium 
grade amphibolite facies metamorphism (as described by Winkler, 1978). 
In the south of the Eiker area, the amphibolites are interbanded 
with the gneiss. They contain up to 50 percent modal amphibole (in 
contrast to the stocks of the northern sub-area which contain up to 
70 percent), and grade into hornblende gneisses with 20 percent or 
less modal amphibole; the other major constituents are plagioclase 
(An28-40)' biotite, garnet and quartz. Accessories in these rocks 
include sphene, epidote and chlorite. The amphibole of these rocks ' 
is common hornblende, optically identical to the amphibole in the more 
basic amphibolites of the northern sub-area but no alteration to 
tremolite is present. 
At the margin of the northern intrusive amphibolite stocks the 
injection of basic material has given a marginal zone of mixed gneisses 
which are hybridized to varying degrees with ~ts, stringers or single 
crystals of basic material in the gneisses. The crystalS are xeno-
blastic and no larger than Imm in their longest dimension. Foliation 
is absent and the crystals take up an orientation in the direction of 
injection with the result that the rock appears highly contorted, 
displaying varying mineral orientations. The crystals are highly 
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ragged in outline and often chloritized. The mixed gneisses are not in 
complete equilibrium, partly because of later incomplete retrogressions 
and partly due to the fact that the rock is a hybrid in which the 
invading basic material has not equilibrated with the acidic host 
minerals. There is a complete gradation from gneiss through mixed 
gneiss to amphibolite although the presence of garnet as a major con-
stituent seems to indicate a gneiss precursor. 
7.2 THE SUPRACRUSTALS 
These rocks are variable acidic and intermediate gneisses and 
schists. All rocks contain'quartz, plagioclase, microcline and biotite. 
In addition hornblende, garnet, muscovite, sillimanite and cordierite 
may form major or accessory constituents. Epidote and magnetite are 
common accessories. Quartz and feldspars generally form granoblastic 
textures of varying grain size, averaging 0.2 - 0.6mro but increasing 
to 2 - 3mm in some. Grain boundaries vary from straight (often with 
polygonal junctions) to more highly serrated forms. As the degree of 
complexity of grain junctions increases, variability of grain size 
and degree of straining shown by the grains also increases. Plagioclase, 
though only rarely a major component, is most abundant in the hornblende 
gneisses where it is of sodic andesine composition. In the more acidic 
rocks it is oligoclase. Alteration of the feldspars (away from the 
shear zone) is slight and restricted to sericitization at grain bound-
aries and along cracks (Fig. 7.1). 
In some gneisses near the shear zone, cataclasis has produced 
augen gneisses with a larger than average variation in grain size and 
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fI G. 7. 1 . Sericiti zat ion of feldspars a l ong cr acks and grain boundaries . 
XPL . X12 . 5 . 
fIG. 7.2 . Microc1ine perthite with inclusions of partially r esorbed, 
myrmekitic plagi oclase . XPL . X3l . 5. 
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highly irregular crystal margins. Large relict microcline porphyroblasts 
(up to Smm across) are common and are highly fractured, sometimes with 
a mortar texture of small grains around their margins, developed by 
movements after the augen formation. Microcline perthite occurs with 
inclusions of partially resorbed, myrm kitic plagioclase (Fig. 7.2). 
Biotite and muscovite. (where present) have usually imparted a 
crude foliation and when in greater proportions have produced a more 
sdlistose fabric. They form elongate grains up to 3. 5mm long and the 
biotite is present in both green and brown forms although the latter 
is more common. Biotite also occurs around grain margins and in the 
cracks of the quartz and feldspars. It shows evidence of tectonism with 
the development of kink bands (Fig. 7.3) and rotational fabrics, 
including spiralling (Fig. 7.4). The biotite crystals are usually 
ragged and show at least partial chloritization. Second generation, 
static growth grains are also present. Hornblende often occurs as 
prisms up to 3mm long or as poikiloblastic, equigranular crystals, 
often intergrown with biotite. Hornblende and sillimanite are mutually 
exclusive Ca function of rock chemistry). Biotite-hornblende mats 
are often folded around garnets which may be up to 30mm across and of 
two generations. The earliest are pre-tectonic forms, now exhibiting 
rounded outlines, with matrix material folded about them. Inclusion 
trails within garnets are often discordant to the external fabric, 
indicating rotation during tectonism. The second generation garnets 
are highly irregular 'sieve' forms which have grown across the matrix 
foliations and are obviously due to static growth. 
Sillimanite occurs as needles up to 5mm long, parallel to the 
foliation. Where present on the fault-planes, in the shear zone, 
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FIG . 7.3 . Kink bands in biotite . PPL . X50. 
FIG . 7 .4. Fractured and Ispiralled' biotite developed in augen gneiss. 
PPL. X12.5. 
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cracked sillimanites have often been re-orientated parallel to the 
slickenside directions. Where visible on fault planes, these are 
usually weathered (Fig. 7.5). Sillimanites away from the shear 
usually occur enclosed within second generation garnets, but folded 
around those of the first generation. 
7.3 THE SULPHIDE BEARING ROCKS 
Major developments of sulphides (other than accessory amounts), 
are limited to those rocks within the shear zone. In the field, the 
ore appears to be strongly associated with melanocratic rocks, but 
microscopic examination reveals that much acidic gneiss material is 
also present but has very often been darkened by chloritization. 
Interpretation of sulphide-silicate mineral relationships is difficult 
since later alteration has, in most cases, completely replaced earlier 
minerals. However, occasionally less altered mineralogies are preserved 
within the shear zone; as rolled silicate masses (within 'durchbewegung' 
fabrics) and between the main shears, as lenses. Most of these relict 
rocks are similar to those (described above) which surround the shear 
zone. However, some of the basic rocks are composed of variable 
mixtures of chloritized actinolite and rarer hornblende, biotite, 
gahnite (Fig. 7.6 and Table 7.2) and sulphide. 
The rolled silicate masses range in size from 3 or 4mm to several 
tens of rom and represent gangue and country rock torn off the walls as 
the ore body was sheared. These ovoid bodies occasionally exhibit a 
relict high-grade equilibrium texture with straight grain boundaries, 
but usually the fabric shows evidence of much greater stress. Individual 
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FIG. 7.5. Weathered, cracked sillimanite crystals on surface of fault 
plane . PPL. X3l . S. 
FIG. 7.6. Light green gahnite crystals with biotite, amphibole and 
chlorite in rolled silicate , from 'durchbewegung' rock in 
shear zone. PPL. X12 .S. 15 
TABLE 7.2 
ELECTRON MICROPROBE MINERAL ANALYSES 
1 2 3 4 5 
Si02 37.29 38.64 
32.26 25.24 0.36 
Ti02 0.00 0.03 
0.03 0.00 0.00 
A1203 21.69 24.54 18.05 16.82 59.50 
FeO 30.06 12.15 24.84 36.55 7.07 
MnO 0.74 0.35 0.20 0.23 0.39 
MgO 7.54 0.09 11.82 8.26 3.54 
CaO 2.21 23.44 0.00 0.00 0.00 
Na20 0.00 0.00 
0.64 0.17 0.00 
K20 0.00 
0.00 0.16 0.00 0.00 
ZnO N.D. tJ. D. N.D. N.D. 28.92 
TOTAL 99.53 99.21 88.00 87.27 99.78 
FeO = total iron as FeO 
N.D. = not determined 
Analysis 1. Garnet from acidic supracrustal gneiss. 
Analysis 2. Garnet from sulphide-chlorite-calcite assemblage in shear 
zone. 
Analysis 3. Chlorite from sulphide-chlorite-calcite assemblage in shear 
zone. 
Analysis 4. Chlorite from reaction rim between sulphide and amphibole 
(see Fig. 7.9) . 
Analysis 5. Gahnite from sulphide-chlorite-calcite asscmblaee in shear 
zone. 1.51 
prisms of amphible up to 3mm long are present, but the matrix is 
largely composed of xenomorphic grains 0.2 - 0.7mm across, tightly 
interlocked with sutured and irregular boundaries. Most of the 
constituent grains have strong undulose extinction and the biotites 
display very well developed kink bands. 
The amphi~s associated with the ore, where not extensively 
chloritized, are of actinolitic character (Table 7.1). However s very 
rarelys their cores are of a more aluminium rich hornblende. These 
hornblendes are of somewhat different composition to those in the 
major amphibolite bodies (Fig. 7.7) and it is suggested that they re-
present recrystallized gangue associated with the are. The actinolitic 
amphiboles developed during the brittle greenschist movements and re-
crystallized from both the gangue and the major amphibolite bodies. 
A later chloritization then affected the shear zone and other original 
material has been totally recrystallized, either to biotite-actinolite 
or chlorite-carbonate assemblages which (together with sulphide) now 
form the vast majority of the rock compositions within the shear zone. 
Chlorite is by far the most conunon silicate mineral in the 'durchbewegung' 
fabrics, while grossular garnet (Table 7.2) is also occasionally present. 
7.4 THE TECTONICALLY INCLUDED PODS 
Within the shear zone, in shafts 10 and lIs are tectonically 
included pods. In shaft 11 the xenolith is an ultrabasic rock and its 
metamorphic envelcpe. A core of serpentinite can be recognized in 
which relicts highly altered olivines (up to lrrun long) are present. 







FIG.7·7 Amphibole compositions 
from Northern sub - area 
intrusives and shear zone. 
(plotted on diagram of 
Miyashiro. 1973) 
Numbers refer to analyses 




alteration to bowlingite; they are dusted with magnetite and cut by 
brucite veins. The groundmass is totally serpentinized and composed 
of mats of minute crystals. The rock also contains large (up to 3mm 
long) crystals of static chlorite and occasional aligned chlorites 
in shears. Sulphides, picked-up during the emplacement of the pods, 
are highly xenomorph.ic, cut by serpentinite veins and exhibit signs 
of re-mobilization on a limited scale with veinlets cross-cutting the 
fabric. 
Around the serpentinite body (and containing relics of it) is a 
metamorphic sheath of tremolite and calcite. Its formation from a 
serpentinite or peridotite pre-cursor would require an influx of calcium. 
This rock provides further evidence for movement of calcium-rich meta-
somatizing fluids in the Eiker shear zone. Accessories in both sheath 
and core rock include chlorite, and later replacive calcite which 
occurs in two forms; highly irregular, turbid patches are associated 
with re-mobilized sulphide which has dusted them and, in places, the 
sulphide has coalesced into discrete grains with the calcite losing 
its turbidity and forming good crystals. 
A second tectonically included body (in shaft 10) appears to have 
had a different original composition and has now been converted to a 
muscovite-chlorite schist with more highly altered patches (up to 5mm 
across). These patches are the remnants of garnets, often retaining 
good idioblastic outlines. The patches are very turbid and consist of 
an aggregate of opaques with chlorite and muscovite (~epidote). This 
pod appears to have been a supracrustal rock Vlhich was emplaced in the 
same manner as the ultrabasic body. Both bodies are so large (6 to 12m) 
that they are surrounded by both sheared ore and silicate rock. 
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7.5 THE LATE BASIC INTRUSIVES (METAGABBROS AND AMPHIBOLITES) 
These occur in two dykes and one small intrusive stock (all 
located in the northern sub-area). They have undergone amphibolite 
grade metamorphism, but are non-foliated and have suffered no shearing 
except the late-stage, brittle movements. The dykes represent meta-
morphosed dolerites and have developed a very regular granoblastic 
texture with an average grain size of 0.1 - 0.2mm. Hornblende and plagio-
clase together form 95% of the rock with accessory quartz, magnetite 
and sphene. The small intrusive stock has a less equilibrated miner-
alogy; it is a typical amphibolitized gabbroic rock (identical to 
those in the Gr¢sli region), eXhibiting a good ophitic texture with 
relict pyroxenes and two amphibole pseudomorphs of pyroxene (giving a 
rim and core). Epidotization is absent and the plagioclases are fresh, 
having a composition of An 32 to An70 in the zoned specimens. 
7.6 METASOMATISM AND FLUID MOVEMENT 
Mobility of fluids in the Eiker area has not caused great alter-
ation, except in the shear zone. Here, the intense shearing of inter-
banded amphibolites and gneisses has combined with the alteration to 
form a complex zone. The shearing has broken and displaced rock units, 
making the tracing of individual bands difficult: it has also assisted 
alteration by fluids, which is complete in many cases. 
A sequence of progressive alteration can be determined, commencing 
with chlori ti zation and sericitization of the mafic minerals and feld-
spars. Amphiboles are progressively altered along their cleavages and 
inwards from crystal margins. Feldspar grains are sericitized, becoming 
155 
densely clouded with a mat of pinnate micas, while quartz grains are 
left unaltered. Biotite laths first lose their body colour and then 
alter to chlorite. The next stage is a coalescing of these altered 
patches, so that large areas of the rock are composed of a sericite-
chlorite mat with relict quartz inclusions. Often, recrystallization 
has produced coarse grained rocks, with crystals up to lcm long. As 
alteration proceeds, calcite forms a more major component and the result 
is often a chlorite-calcite-sulphide (+ quartz) rock bearing no resem-
blance to the protolith. Two stages of alteration are present in the 
shear zone; firstly an early tremolite-forming, metasomatic event and 
secondly an alteration comprising chloritization, followed by calcite 
development. The second stage has caused by far the greatest extent of 
alteration, the effects of which have been described above. 
The early metasomatic event is reflected by grossular garnet and 
gahnite in the shear zone, the tremolite sheath on the serpentinite 
pod and the tremolite in the amphibolites in the northern sub-ar.ea. 
The gahnite (Zn-rich spinel) provides evidence that fluids have passed 
through the ore body. Later chloritization produced chlorite veins 
cross-cutting the fabric and the sulphides (Fig. 7.S) as replacements 
or infillings of brittle cracks caused by shearing in the ore. In 
some cases the individual sulphide fragments are highly irregular in 
shape, but still retain a cubic outline suggesting replacement of the 
ore in situ. In other cases, the individual fragments have several 
straight edges but a totally irregular aggregate outline, indicating 
a tectonic rather than replacive fragmentation. 
Chlorite occurs as static growth crystals up to lcm across. Where 
this texture is developed relict properties of the replaced minerals are 
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FIG. 7 .8 . Chlorite veins cutting sulPhi des. PPL . X12.S . 
FIG . 7.9. Fe - r'ich chlorite developed from reaction behleen sUlphide 
and amphibole (brown) . PPL . X31.S . 
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still visible. These include twins and 1200 cleavages of amphiboles. 
Thus the late stage brittle shearing which effected the chloritization 
was not totally pervasive and, between the shear zones, static chlorit-
ization occurred. Within the shear zones, chloritic schists have 
typically developed. Mats of chlorite crystals (0.3 - 0.5mm long) have 
totally replaced the rock and sulphides present have been drawn out 
into trails of fragments (Fig. 7.10). In many cases a chlorite reaction 
rim has developed between sulphides (which now show corrosion textures) 
and amphiboles (Fig. 7.9). In these cases, the sUlphide is being 
replaced and iron is being derived from the ore for the formation of 
the chlorite which is iron-rich compared to chlorites formed from 
amphiboles etc. (Table 7.2). Rolled silicate material which has not 
been totally chloritized invariably has a sheath of chlorite. Garnets 
have an inner amphibole rim, which in turn has an outer rim of chlorite 
against SUlphide. 
Overprinted, onto the highly altered fabric in the shear zone, 
has been a later stage carbonate development. Calcite with mino~ quartz 
-
and alkali feldspar has veined and replaced all previous minerals, in 
many cases. The degree of alteration is linked directly with the degree 
of brittle fracture of the ores. The calcite is commonly in the fOl'm 
of highly irregular patches which are highly dusted with partially 
replaced opaque impurities of the groundrnass. With development of 
better crystal forms, the turbidity decreases and rhornbs of calcite 
up to Imrn across develop. In ore which has suffered strong fracturing, 
the cracks are infilled by calcite or calcite-quartz-alkali feldspar 
aggregates which have often developed a columnar habit perpendicular 
to the sulphide boundary (Fig. 7.11). 
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fIG . 7.10. Sulphide fragments in chloritic matrix of sheared rock. 
PPL . X3l . 5. 
FIG . 7.11. Calcite veins cutting sUlphide . PPL . X12.5. 
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Evidence of re-mobilization of the ore body is almost entirely 
absent and it is concluded that the extent of alteration is due primarily 
to the highly reactive nature of the rocks, brought about by their 
shearing, rather than by a high volume of fluid. This is borne out by 
the fact that alteration outside the shear zone is very slight. However, 
a small amount of re-mobilization has occurred. Rare veinlets (0.2 -
O.5mm wide) of sulphide associated with calcite, cut across chlorite-
sulphide fabrics and occasionally coalesce into aggregates which 
enclose other minerals in a typical interstitial relationship. The 
sulphides have the same assemblages as the main ore body and, in 
addition, hydrated iron oxides. Another feature of the re-mobilized 
material is the iron-stained rim in the silicate host minerals around 
the ore vein (Fig. 7.12). 
7.7 SUMMARY OF THE EFfECTS Of ALTERATION 
The assemblage sulphide-chlorite-calcite-gahnite ! epidote is 
common in the ore zone. All of these gangue minerals suggest fluid 
activity during the brittle greenschist movements of the shear zone. 
The earliest metasomatism produced the minerals like tremolite, 
grossular and gahnite which were associated with the formation of the 
actinolitic amphiboles in the ore body. Later fluid activity caused 
extensive chlorite "lnd carbonate development. These tHO minerals were 
produced in such abundance that chlorite-carbonate-ore assemblages 
are often observed. Therefore movement of fluids appears to have 
occurred throughout the brittle shearing episode. A summary of events 
is produced in Table 7.3. 
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FIG . 7.12. Thin, r e-mobilized sulphi e veinlet, with staining of 
silicates on margin . PPL. X31 . 5. 
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TABLE 7.3 
SUMMARY OF EVENTS IN THE SHEAR ZONE (WHICH LOCATES THE ORE BODY) 
Intrusion of basic bodies 
Mid-amphibolite facies metamorphism 
with directed stress. 
Early shearing: formation of cata-
clastites, rolling of original 
garnets, production of 'durchbewegung' 
fabrics, inclusion of tectonic pods. 
Short period of static recrystal-
lization. Growth of later garnets. 
Introduction and amphibolitization 
of gabbro and dolerite dykes. Re-
crystallization in ore body. 
Late shearing: (greenschist facies 
grade). Formation of actinolite-
chlorite schists where movement 
occurred. Sequence of metasomatic 
and metamorphic retrogressive changes: 
Formation of calcium bearing minerals 
e.g. tremolite, grossular and gahnite. 
Recrystallization of amphiboles, 
(associated with ore) to actinolite-
chlorite assemblages. 
Later event of extensive chloritization 
which affected whole shear zone. 
Later carbonate alteration and very 








7.8 POSSIBLE ORIGINS OF THE ORE BODY 
The silicate-ore assemblage in the shear zone is the product of 
thorough recrystallization, together with metamorphic and metasomatic 
modification. The original ore-gangue associations have thus been almost 
totally obscured, making conclusions from petrographic studies difficult. 
Three possible origins could be suggested for the ore. Firstly, 
it may have been part of the supracrustal sequence, either as a sedi-
mentary or bedded volcanogenic ore. Secondly, it may have been magmatic, 
associated with the intrusive rocks. Indeed, many ore deposits do occur 
at the margin of intrusive basic bodies. Thirdly, the deposit may have 
been introduced and be unrelated to surrounding silicate rocks. 
The possibility of the ore being volcanogenic is the most plausible 
explanation and is discussed in Chapter Eleven. At first sight, it 
seems possible that the ore may have originated from the intrusive 
amphibolite, with which it is often intimately associated. The objection 
against a primary basic magmatic origin is discussed in Chapter Eleven. 
The ore body which has associated high grade 'durchbewegung' fabrics 
was obviously emplaced before the chlorite and calcite forming events. 
There is no evidence of substantial re-intrusion of ore material into 
the higher grade rocks such as the pyritic mylonites. 
Thus, the ore body at Eiker may have two possible origins. It 
may represent a hydrothermal deposit but not associated with any of 
the late chloritic or calcitic material now present. It may represent 
part of a volcanogenic-sedimentary sequence of pre-Svecofennian age, 
but is unlikely to be associated with the basic intr·usives. Whatever 
the true origin of the ore body, it was present prior to the commence-
ment of the shearing in the area and thus probably represented a pre-
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existing structural discontinuity which located later movements. 
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CHAPTER EIGHT 
THE ORE DEPOSIT AT ElKER AND ITS METAMORPHISM 
8.1 INTRODUCTION 
The mineralogy of the deposit is dominated by pyrite with sub-
ordinate pyrrhotite and minor sphalerite and chalcopyrite. Magnetite 
is present as an accessory, while microscopic flakes of gold are visible 
within the pyrite (Fig. 8.12). Gangue minerals include chlorite, 
muscovite-sericite, phlogopite-biotite, actinolitic amphiboles, quartz, 
calcite and the zinc rich spinel, gahnite. 
The ore deposit has developed a gneissic fabric and is highly 
fractured and sheared. Shearing has been intense enough to produce 
mylonite bands in massive ores and rolled silicate bodies in sulphide 
matrices (i.e. 'durchbewegung' fabrics) are common (see Section 6.4). 
The ores underwent high grade regional metamorphism under directed 
stress with pre-, syn- and post-tectonic recrystallization features. 
A later phase of brittle shearing was followed by partial annealing of 
the softer sulphides. 
The complex metamorphism is shown by the textures of the sulphides. 
These include rolling of pre-tectonic crystals, pressure shadow crystal-
lization, syn-tectonic rotational growth (shown by inclusion trails), 
post-tectonic growth across directed fabrics and secondary overgrowths 
on earlier crystals. 
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8.2 MINERALOGY 
Pyrite occurs in many habits which reflect the complex history 
of the ore body. It may occur as large porphyroblasts up to 2 em 
across which are invariably cracked or broken. Some cubes are more 
highly fractured and granulated, the cube being sheared out into a 
trail of irregular fragments (of average size 0.1 - 0.2 em across, 
Fig. 8.1). The line of these fragments can often be traced back to 
a remnant cube. Perfect cubes of about the same size as the granulated 
fragments are also common and may, or may not, be poikiloblastic. In 
some cases, the large porphyroblasts have been rolled to produce a 
rounded outline (Fig. 8.2). More rarely, spiral inclusion trails also 
occur in these types (Fig. 8.3). A second common form is that of a 
very irregular xenoblastic mass which may contain a dense dusting of 
minute inclusions or be completely clear. Small cubes may be present 
at the edges of such masses or occur enclosed within them. The origins 
of these various forms are discussed later. 
Pyrrhotite is the mineral in which the gneissic fabric has been 
retained. Rolled silicate rocks, pyrites and sphalerites often have 
a pyrrhotite matrix deformed around them in much the same way as 
micas may deform around more resistant garnets (Fig. 8.4). The 
pyrrhotite is usually recrystallized to a mosaic of equidimensional 
crystals (Fig. 8.5) but often this has not destroyed the gneissic 
banding. Strain extinction and sub-grain development is common. 
Triple junctions are present but more often, higher energy boundaries 
e:<ist between the grains. Often within the matrix, pyrrhotite has 
developed a ~osaic of small interlockin8 crystalS, whilst pyrite 
~as formed idioblastic cubes which appear to have grovm across tbe 
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FIG. 8.2 . Rolled pre- tectonic pyrites in a matrix of post-tectonic 
pyrite. PPL. Air. X2S . 
16 7 
FIG. 8.3. Spiral inclusion trails in syn-tectonic pyrite with later 
post-tectonic overgrowth. PPL. Air. X64. 
FIG . 8 . 4 . Gneissic texture developed in pyrrhotite, bent around pre-
tectonic rolled sphalerite. XPL. Air. X10 . 
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relict gneissosity. This is a feature of the relative crystalloblastic 
force of the two sulphides rather than the later growth of pyrite. 
Pyrrhotite also forms large xenoblasts which occur within the pressure 
shadows of resistant crystals such as pyrite (Figs. 8.4, 8.6). A 
certain amount of plastic flow has also occurred and pyrrhotite 
occasionally infills cracks in pyrite. Sphalerite adopts two main 
habits dependent on the degree of stress it has undergone. Highly 
sheared specimens within the gneissic bands have been drawn out into 
long flasers (Figs. 8.4, 8.6). Other crystals have behaved much like 
pyrite and formed resistant bodies. Chalcopyrite has behaved very 
plastically and flowed to infill many cracks in the mOre brittle 
sulphides. Silicate rock xenoliths are common within the massive Ore 
and the two usually exhibit a typical 'durchbewegung' fabric. The 
silicate inclusions have been extensively rolled to produce almost 
spherical bodies up to 10 cm across within the sulphide matrix. The 
silicate inclusions are usually of amphibolitic composition although . 
rarer xenoliths of gneiss do occur. 
8.3 DEFORMATION AND RECRYSTALLIZATION HISTORY OF THE ORE DEPOSIT 
Response to deformation was partly a function of the composition 
of the ore: pure pyritic ore reacted differently to pyrite mixed with 
softer sulphides or with silicates. The history is complex and 
involves several phases of growth and deformation, but the development 
of the various pyrite habits provides the best evidence for the 
succession of events that affected the whole deposit. In the massive 
pyritic ore, several generations can be distinguished. The earliest 
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FIG . 8.5. Post-tectonic recrystallization of pyrrhotite . XPL. Oil. X64 . 
FIG . 8. 6 . Pyrrhotite-sphalerite 'foliation ' flexed around porphyroblast 
of pyrite. Larger pyrrhotite grains have developed in the 
pressure shadow . PPL. Air. XlO. 17 
are large pre-tectonic porphyroblasts which are broken or occasionally 
rolled. They occur between more intensely sheared zones which contain 
irregular granulated fragments usually set within a xenoblastic mass 
of dusted and poikiloblastic pyrite (discussed later). Where softer 
sulphides such as pyrrhotite are present there is usually a foliation 
developed, which is bent around the cubes and fragments. In the most 
highly sheared zones, the pyrite was mylonitized. Due to the high 
temperature involved during the first shear episode, the pyrite in 
these zones annealed itself simultaneously. The result was a very 
irregular xenoblastic mass containing no inclusions or dusting (Figs. 8.7, 
8.8). Other pyrite cubes away from the zones of shear were rolled and 
oval cross-sections were produced. Thus, a sequence of increasing 
deformation of the early pyrites can be determined: cracking and rolling 
progressed to granulation and finally mylonitization and recrystallization. 
Some syn-tectonic deformational growth also occurred with the formation 
of rotational crystals with spiral inclusion trails. 
Overprinted on this fabric are the effects of post-tectonic pyrite 
growth and recrystallization of the softer sulphides. Small euhedral 
cubes cross-cut silicate and sulphide foliations. Where these cubes 
have formed in a silicate matrix they are poikiloblastic, but within 
a sulphide matrix they are usually non-poikiloblastic (Fig. 8.9). 
Occasionally elongated crystals are present in the foliation and 
represent a static growth which mimics the gneissic fabric. Post-
tectonic xenoblastic masses (very similar in outline to the mylonitic 
recrystallization) commonly occur as overgrowths on existing pyrites, 
on their comr:linuted relics or interstitially betHeen cubes. The masses 
are usually very dusted and poikiloblastic, Hith inclusio~s of the 
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FIG . 8 . 7 . Annealed mylonitic pyrite . PPL . Oil . X64. 
FIG. 8 . 8 . Mas s i ve , annealed mylonitic pyr ite with pos t - tectonic pyrite 
cube development . PPL . Air . X2S . 
17 2 
FIG. 8. 9 . Post-tectonic poikiloblastic and non-poikiloblastic pyrites. 
PPL . Air . X25. 
FIG. 8.10 . Secondary ' dustbin' pyrite overgrowth on pre-tectonic rolled 
pyrite (top left). PPL. Oil . X160 . 
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groundmass over which they have grown. The result is that a 'dustbin' 
pyrite has developed (Fig. 8.10). The mylonitized-annealed pyrites 
generally have no inclusions and do not enclose euhedral cubes. However, 
static post-tectonic pyrite cubes often develop on the periphery of 
the masses (Figs. 8.7, 8.8). Where recrystallization of the mylonite 
patches has been extensive, an interlocking mosaic of large crystals 
is formed. 
A second type of 'dustbin' pyrite originates from the alteration 
of pyrrhotite. The alteration does not appear to be supergene since, 
where it occurs, there are no other oxidation products and the samples 
of ore are fresh. It appears therefore that the oxidation is an integral 
part of the metamorphism of the are. All stages of alteration can be 
identified. First, pyrite veins the pyrrhotite and gives the appearance 
of having intruded it (Fig. 8.11). The veins then coalesce to form 
patches in the pyrrhotite. The replacement continues until only relics 
of pyrrhotite remain (Fig. 8.12). Around the margins of this secondary 
pyrite are fine intergrowths of magnetite produced by the alteration. 
The reaction ,can be represented as: 
This alteration explains the frequent occurrence of 'pyrite veins' 
(which were originally pyrrhotite) infilling cracked pre-tectonic 
pyrites. Some true supergene pyritization is also present in weathered 
specimens and classic 'birds eye' textures have developed. It is 
evident from the pyrite and :,Jyrrhotite mineralogy that textures resulting 
from directed stress have bE~en subsequently annealed. Evidence of the 
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FIG. B.ll . Pyrite (yellow) and minor magnetite (grey) replacing pyrrhotite 
(brown). Black material is silicate. PPL . Oil . X64 . 
fIG . 8.12. Relict pyrrhotite (brown) and chalcopyrite (golden yellow) 
with pyrite (yellow) replacement. Accessory flecks of gold 
are also present . PPL . Oil. Xl60 . 175 
deformational gneissosity imparted to the ore only remains because the 
recrystallization of the pyrrhotite has mimicked the original lineation. 
Within the mixed sulphide-silicate 'durchbewegung' rocks, shear 
fractures have not developed and discrete shear zones are lacking. It 
is suggested that these rocks were more highly plastic due to their 
silicate content. Thus, during the shearing there was extensive rolling 
of the silicate material into spheres. The pyrite present acted relatively 
competently, but shearing did not develop because stress was taken up 
by flow of the composite unit. The result was a 'durchbewegung' fabric 
in which the large pre-tectonic pyrites have been rolled and fractured 
but not sheared out. 
8.4 ORE HISTORY LINKED TO SILICATE METAMORPHISl-l 
The silicate country rocks around the Eiker mine are mid to upper 
amphibolite facies metamorphics with a later localised overprint of 
greenschist facies. The shear belt along which the mines are located 
shows evidence of a brittle movement at greenschist facies grade with 
the development of actinolite-biotite schists along shear planes. 
Later, high level and minor readjustments along the shears are probably 
linked to Oslo Graben movements. (The shear belt is only 5 km west 
of the major west fault of the Oslo Graben.) 
There was an initial period of ore crystallization with the 
development of large porphyroblastic pyrites. This was followed by a 
period of i.ntense shear-ing which resulted in rotation, shattering and 
cranulation. In the most intensely sheared zones mylonitization aIld 
simultaneous recrystallization occurrred. This shearing was a high 
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temperature phenomena and not only softer sulphides, but also silicate 
gangue flowed into cracks in the brittle minerals. Where silicate 
material was present (possibly removed from foot and hanging walls by 
the shearing) a rolled 'durchbewegung' fabric was produced. After 
the deformation there was a short period of recrystallization with 
the development of small pyrite cubes and the annealing of deformation 
features in the softer sulphides. All of these features in the ore 
were developed under amphibolite grade metamorphism. A shear zone 
produced in such a high grade environment would not be as sharply 
defined as the feature at Eiker. However, a later greenschist grad\.~ 
shear, resulting in brittle fracture of the silicate rocks and ore 
has produced a sharpening of the shear lineament. 
The absence of any strong deformational features (such as kink 
bands or glide twins in many pyrrhotite grains) indicates a partial 
annealing. However, the presence of straining and lack of triple 
junctions also suggests that total equilibrium was not reached in 
recrystallization. This annealing probably occurred during the cooling 
period after the brittle greenschist grade shearing. The pyritization 
of pyrrhotite may well have occurred at this stage since there are no 
deformation features within the pyrite produced. 
Table 8.1 shows the origins of the various types of pyrite. A 
correlation with the metamorphism in the silicate country rocks is 
shown in Table 8.2. The high grade shearing episode is considered 
to be contemporaneous with the formation of the mylonite zone in the 
west of the Kongsberg series. The deformation features of the ore 
body are thus of Sveconorwegian age. 
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Pre-tectonic. In zones of less intense 
shearing, or resistant blocks in rel-
atively incompetant silicate matrix. 
Pre-tectonic. In zones of increased 
shearing. 
Pre-tectonic with syn-tectonic annealing. 
In zones of most intense shearing 
(i.e. mylonite). 
Pre-tectonic. Rotated and rounded during 
shearing episode. 
Syn-tectonic. Inclusion trails formed 
during rotation through shearing. 
Post-tectonic. Two origins 
1. Interstitial or secondary rim growth. 
2. Pyritization of pyrrhotite. 
Post-tectonic. Growth over silicate 
matrix + poikiloblastic. Growth over 





High grade deformation. 
Production of gneissic, 




Low grade brittle deform-
ation. Straining and de-
formation features (glide 
twins, kink bands, etc.) 
produced in softer sUlphides. 
Partial annealing of above 




Mid amphibolite facies metamorphism 
Shear belt formed, contemporary 
with mylonite zone at west margin 
of Kongsberg Series. 
Decrease in meta-
morphic grade. 
Limited greenschist facies metamorphism. 
Formation of open folds and bending 
of supracrustals around basic bodies. 
Renewed movement of shear belt. 
Decrease in meta-
morphic grade. 
High level Oslo Graben movements. 
Possible movement of shear belt. 
CHAPTER NINE 
CHEMISTRY OF THE SILICATE ROCKS AT EIKER 
9.1 INTRODUCTION 
The problems of the origins of the silicate rocks are essentially 
the same at Eiker as at Gr¢sli. However, the rock types differ in 
their chemistry, from those of Gr¢sli. The supracrustal rocks are 
mineralogically more variable in that they may contain sillimanite, 
cordieri te and they also contain bands of more bdsic material 
in the form of amphibolites or hornblende gneisses. The supracrustals 
are intruded by later basic rocks, as at Gr¢sli, but the intrusives 
are totally amphibolitized, leaving no original igneous textures. 
9.2 THE CONCORDANT BASIC ROCKS OF THE SOUTHERN SUB-AREA 
The relationships of these rocks with the acidic supracrustals and 
the basic stocks of the northern sub-area is discussed in terms of 
relative age and origin. 
The occurrence of interbanded amphibolites and more acidic rocks 
is fairly common. Hany workers, including Poldervaart (1953) and 
Wilcox and Poldervaart (1958), suggested a primary sedimentary banding 
as th~ reason for the interbanding. However, Evans and Leake (1960) 
studied the Connemara striped amphibolites and suggested that the 
l\C1S:~C b,)dies were igneous, for several reasons. Their averiJ.ge analysec: 
were very s~milar to alkaline-olivine basalt analyses, dGd plots of 
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Niggli mg versus Niggli c, and al-alk versus c, produced igneous rather 
than sedimentary trends. They also stated that, to achieve the correct 
basic composition from sedimentary rocks, a mixture of Na-rich grey-
wackes and Fe-rich dolomites was required; two peculiar rock types not 
present in the area. 
Various other chemical trends such as Nigg1i mg versus Cr ppm also 
gave typical igneous trends. Evans and Leake concluded that the 
amphibolites were formed from either intrusive or extrusive igneous 
rocks. Subsequent work (e.g. Van de Kamp, 1969 and Stephenson, 1973) 
indicated that many amphibolites were in fact igneous in origin. 
Van de Kamp stated that nearly all amphibolites were derived from basic 
igneous rocks with a few formed from metasomatized sediments. 
Orville (1969) showed that three mechanisms could produce amphi-
bolites; (a) recrystallization of basic intrusive or extrusive igneous 
rock, (b) recrystallization of a marl or carbonate bearing shale, 
(c) recrystallization of a parent sedimentary rock with metasomatic 
addition and/or subtraction of significant amounts of non-volatile 
material. He stated that any hornblende-plagioclase (amphibolite) 
composition, by virtue of the hornblende crystal chemistry, will fall 
within the basalt fields or on the basaltic differentiation trends 
(such as those used by Leake). He then suggested that attention should 
be directed towards processes which would produce a hornblende-plagioclase 
assemblage. Orville considered that metamorphism of carbonate-shale 
mixtures rarely produced amphibolites, since none of the sedimentary 
trends suggested by Leake (1964) were commonly developed, but that 
~eta~oDatized sediments could plot on igneous differentiation trends. 
Taking a hypothetical carbonate-rich shale enclosed in a host of 
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carbonate-poor shale, he suggested that metamorphism would cause 
reaction, with the leaching of excess CaC03 from the carbonate rock 
and reciprocal exchange of Ca, Mg and Fe cations between the two 
layers. As a result of this reaction, certain features could be 
expected to be present in the amphibolites and their surrounding 
rocks. There would be a close and systematic relationship between 
interlayered amphibolites, marbles, pelitic schists, calc-silicate 
layers and gneisses. Calc-silicate or carbonate-bearing layers might 
be present within the amphibolite. The calc-silicate layers represent 
intermediate compsotions between the two end member assemblages. 
Xarbles might not be present if the original carbonate layers contained 
less than 40 percent CaC0 3. 
The country rocks adjacent to the amphibolite would be expected 
to have a higher Ca content, but lower Mg and Fe content than those 
distant from the amphibolites: muscovite should be totally absent 
since this Hould be the first mineral to disappear in the reactions. 
These final statements suggest that this process has not caused 
formation of the amphibolites at Eiker. Attendant acidic gneisses 
are often rich in muscovite, while their Ca content is no higher than 
samples remote from the amphibolite bands. 
Smithson et al (1971) concluded that only sr.Jall amounts of amphibolite 
could be produced with any certainty by the method suggested by Orville. 
Thus, since the rigid requirements of Orville's model are not met at 
Ei}<..er, it appears that the concordant amphibolites are not metasomatic 
in origin. 
:igs. 9.1 and 9.2 are plots of Niggli mg versus c and 10Omg/c/al-a l k 
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Figs. 9.1 and 9.2 show that the dispersal of points (nos. 12 to 17) 
and overlap of igneous and sedimentary fields render the diagrams of 
limited use. Analyses of intermediate and acidic supracrustals have 
also been plotted (nos. 1 to 10). These two diagrams indicate that 
two groups of supracrustal gneisses are present; a large group with 
very low Niggli c values (nos. 1 to 4 and 6 to 8), and a pair of analyses 
(nos. 9 and 10) which have higher Niggli c values. Analysis 5 appears 
to be isolated in an intermediate position between these groups in the 
two diagrams. A plot of Niggli si versus Niggli rng (Fig. 9.3) shows 
the same division of analyses as the previous diagrams ond indicates 
that the basic rocks and the larger group of gneisses have neGative 
(igneous) trends. 
9.3 THE INTERMEDIATE AND ACIDIC SUPRACRUSTALS 
The most striking feature of all but two of the gneisses in the 
Eiker region is their high MgO value (Table 9.1). These values put 
the rocks well out of the range of the common igneous rocks arkoses 
and greywakes. They are also higher in MgO content than most non-
dolomitic shales and related rock types (Table 9.3). 
Two of the analyses (nos. 9 and 10) show much lower l-lgO values 
and have bulk chemistries similar to those in the rhyo-dacitic field 
of 1e Maitre (1976) (Table 4.4). These differences explain the two 
groups of gneisses on Figs. 9.1 and 9.2. Analysis 5 (the most silica-
poor gneiss) plots well within the amphibOlite grouping on Fi~. 9.3. 
It also plots on a tic-line between shale and dolomite analyses on 
Fig. 9.1. This rock appears to be chemically distinct from the morc 
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TABLE 9.1. ~~JOR ELEMENT CHEMISTRY OF ROCKS IN THE EIKER AREA (wt. %) 
ANALYSIS Si02 Ti02 A1203 
Fe 203 





1 70.66 0.38 13.55 2.26 5.16 0.13 5.63 0.13 0.12 1.61 99.63 
2 65.10 0.29 12.80 4.11 2.34 0.09 12.71 0.29 0.27 1. 33 99.33 
3 72.50 0.26 11.50 0.84 4.32 0.09 6.87 0.25 0.23 2.21 99.07 
4 76.00 0.20 9.14 1.19 7.70 0.13 3.79 0.41 0.07 1.16 99.79 
5 54.28 0.50 17.80 1.99 11.47 0.47 6.72 4.22 1. 98 1.53 99.96 
6 66.40 0.34 12.81 0.12 5.09 0.09 12.05 0.21 0.19 1.15 98.45 
~ 7 75.45 0.26 11.27 1.17 4.40 0.08 5.94 0.15 0.18 2.12 100.02 
00 
en 8 70.00 0.31 13.03 0.42 5.18 0.06 7.18 0.25 0.23 1. 75 98.41 
9 67.81 0.78 12.87 0.95 4.77 0.11 0.76 3.05 3.53 3.20 97.83 
10 68.34 0.35 14.24 2.66 3.34 0.12 1.10 2.23 5.25 1.01 98.64 
11 49.05 0.30 7.70 1. 30 7.79 0.14 13.13 16.72 0.71 0.63 97.47 
12 56.87 0.76 15.30 1. 74 11.38 0.45 4.37 4.85 2.86 0.01 98.59 
13 53.26 0.67 16.35 2.46 9.75 0.19 4.05 8.52 2.26 0.82 98.33 
14 57.19 0.95 15.60 1. 85 6.09 0.15 3.80 7.42 3.45 1. Lt9 97.99 
15 57.69 0.85 16.76 1. 79 5.83 0.13 2.96 7.11 4.12 1. 76 98.50 
16 56.17 0.98 14.99 1.64 7.36 0.15 4.41 7.14 3.20 2.10 98.14 
17 48.57 1.46 16.74 1. 81 9.97 0.19 7.83 9.79 2.25 0.11 98.72 
TABLE 9.1 continued 
Anals. 1 to 8. Mg-rich gneisses Southern sub-area 
Anals. 9 and 10. Gneisses - Southern sub-area 
Anals. 11 to 13. Amphibolites - Northern sub-area 
Anal. ll. Metasomatized amphibolite 




































































































































































































































































ANALYSES OF SHALES AND RELATED ROCKS 
1 2 3 4 
Si0
2 
66.87 69.96 73.71 52.00 
Ti02 0.47 0.59 0.50 





MnO 0.05 0.06 
MgO 2.40 1. 4-1 1.47 4.10 
CaO 0.34 2.17 1. 72 8.26 
Na20 1.21 1. 51 1.19 2.76 
K20 
6.60 2.30 1.00 1. 74 
H2O 
1. 35 5.74- 9.82 9.64 
P205 0.23 0.18 0.24-
CO" ... 0.28 1.40 
S03 0.03 0.16 0.09 
Cl 0.30 
C 0.04- 0.56 
1. Precambrian argillite, Michigan, U.S.A. 
2. Av. of 235 samples (muds and silts), Mississippi delta, U.S.A. 
3. Diatomaceous shale, California, U.S.A. 
4. Varved clay, Canada. 
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acidic gneisses, while its isolation from the amphibolite groupings 
in Figs. 9.1 and 9.2 suggest a different affinity than that of the 
basic rocks. It could be considered a pelite, rich in ferromagnesian 
components which, on metamorphism, produced a garnet-hornblende-(quartz-
muscovite) assemblage. 
The negative slope of Fig. 9.3 for the MgO rich f:,rneisses (nos. 1 
to 8) is the opposite to that which Van de Kamp et al (1976) considered 
to be diagnostic of sediments. Accordingly, these Mg-rich rocks could 
have had an igneous origin. They may be volcaniclastic deposits or 
hydrothermally altered lavas. This idea is further considered in 
Chapter Eleven in terms of the total environment of ore deposition: 
it is concluded that the rocks are, in fact, most likely to represent 
the metamorphosed equivalents of volcaniclastics or altered lavas. 
This conclusion is based on the major element differences between the 
Mg-rich rocks (1 to 8) and the two analyses (9 and 10) Hhich most 
resemble acidic lavas. The gneisses at Eiker, therefore, could be a 
suite of altered acidic lavas interbedded with basic igneous units 
(tuffs, lavas or intrusives). Sillimanite bearing rock~l may have the 
same origins or may represent interbedded sediments. 
9.4 THE BASIC INTRUSIVES OF THE NORTHERN SUB-AREA 
The amphibolitized stocks in the northern sub-area are obviously 
intrusive. Two of the analyses (nos. 12 and 13) plot with a wide spread 
either side of the Karroo differentiation trend and to the more highly 
differentiated end than the southern sub-area amphibolites. 
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be of Ca-rich pelitic origin. This effect has been produced by the 
presence of substantial amounts of tremolite in the rock which has 
replaced the normal hornblende metasomatically. 
The effect of metasomatism can be seen in Figs. 9.1 and 9.2 
reflecting the increase in Ca and Mg (and corresponding drop in Fe 
content) in the replacement of the hornblende by tremolite. 
Figs. 9.1 to 9.3 show the difficulty of assigning origins to 
basic rocks on the basis of major element analysis (especially if 
field relationships may be open to more than one possible interpretation). 
9.5 COMPARISON OF THE BASIC ROCKS IN THE NORTHERN AND SOUTHERN SUB-AREAS 
Several plots have been used to show the differences in chemistry 
between the basic rocks in the northern sub-area and those in the 
southern sub-area. Fig. 9.4 indicates that both groups are plate-margin 
basalts (PMB). Fig. 9.5 separates three of the rocks from the southern 
sub-area (nos. 14, 16 and 17) as mid-ocean ridge basalts O'lORB), but 
the remaining analysis (no. 15) and two from the northern sub-area 
(nos. 12 and 13) are around the island-arc basalt (IAB)-BORB boundary. 
The third analysis from the northern sub-area, which plots well within 
the MORS field is the tremolite-rich amphibolite which appears to have 
had its trace element ratios altered by metasomatism. This conclusion 
is evinced by the extremely high Cr and low Y values (Table 9.3) causing 
the analysis to plot away from the usual fields. 
Fig. 9.6 suggests that the southern sub-area amphibolites (nos. 14 
to 17) are of MORB type while those of the northern sub-area (nos. 12 
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fig. 9.7 which shows a definite separation between the two groups, with 
the southern sub-area rocks (nos. 1L~ to 17) displaying higher Zr and 
Ti values than the northern sub-area rocks. 
Thus, although the small number of analyses make conclusions dif-
ficult and speculative, there does appear to be a definite difference 
between the basic rocks from the two sub-areas. Those from the north 
appear to have island-arc characteristics while those to the south 
appear to have MORB features. However, in all diagrams, there is a 
grouping of rocks from both areas around boundaries, which may be 
significant and could .indicate transitional magmas. 
The basic rocks from both aI'eas could be interpreted in thI'ee ways. 
Firstly, they may represent two different magmas, as suggested by 
Fig. 9.6. Secondly, they may represent different stages in the evol-
ution of the same magma. Thirdly, they may represent one transitional 
magma intruded synchronously in both north and south sub-area. 
Transitional MORB/IAT magma types have been described by Reay et al 
(1974), transitional MORB/WPB types by Pearce and Gale (1977) and 
transitional HPB/IAT types by De Long et al (1975). If the amphibolites 
are considered as the product of one magma, then this must have been 
of transitional ~!ORB/IAT type. Reay et al noted these transitional 
basic rocks in the Tongan arc, while Pearce and Gale and Pearce (in 
press) describe rocks with these features from Cyprus and Oman. Pearce 
considers that, in the latter two localities, the magma is produced 
from spreading in a marginal or back-arc basin above a shallow dipping 
subduction zone. However, the division between the obviously intrusive 
northern amphibolites and the interbanded southern sub-area amphibolites 
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This suggests that there may be a real difference (and possibly an age 
~ifference) between the two groups. 
In the sou thern sub-area, there appears to be 2. contraJiction in 
that basic rocKs '",i th NORE trace element values (characteristic of 
ensimatic rifting) occur interbanded with acidic continental crustal 
matEr~al. Pearce and Gale (1977) quote such im occurrence in the R¢ros 
and Finnmark areas of Norway and state that the basic rocks although 
showing MORB characteristics are "somewhat transitional towards '",ithin-
~)late basalts" (WPB) and are considered to form at continental margins. 
This explanation could certainly be applied to the amphibolites of the 
southern sub-area at Eiker. The arnphibolites of the northern sub-area 
are 1t;ain somewhat transitional in nature and lie close to the bourldary 
in f~~s. 9·5 anJ ~.7. These rocks could therefore be considered of 
transitional MORB/lAT nature. 
field relationships could favour two generations of basic rock 
igneous activity; an earlier phase of MORB/WPB type rock in the south· 
c:l:1 :l ~ater phclse of ;':ORB/IAT type in the north. Considerin2, the smdll 
number of analyses, the chemical data must be viewed with caution. This 
is particularly the case with trace element analyses, suggesting results 
somewhat at variance with field relationships and major eleme:nt data 
Hhic:l are consistent with the southern sub-area amphibolites beinG part 
of the supracrustal sequence (see section 11.3.4). 
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CHAPTER TEN 
GEOTHERMOMETRY AND GEOBAROMETRY OF THE ORE DEPOSITS AT GR~SLI AND ErKER 
10.1 INTRODUCTION 
Electron microprobe data giving the precise composition of pyrrhotite 
and the degree of iron substitution in sphalerite is presented in 
Tables 10.1 and 10.2. All values were taken from samples which were 
part of the three phase assemblage; pyrrhotite-pyrite-sphalerite and 
each mineral grain was in contact with grains of the other two minerals. 
10.2 THE PYRITE-PYRRHOTITE GEOTHERMOMETER 
Arnold (1962) experimentally established the temperature curve for 
crystallization of pyrrhotite in coexistence with pyrite. This uni-
variant solvus curve related temperature to the metal-sulphur ratio of 
the pyrrhotite. The curve was established between 743 0 C (the pyrite 
peritectic, where pyrite decomposes to pyrrhotite and a sulphur rich 
liquid) and 3250 C (below which structural inversions of pyrrhotite 
complicate experiments). Arnold estimated that "at the sulphur vapour 
pressure of the system", the iron content of pyrrhotite fell from 46.29 
aLomic percent (~ Fe10511 ) at 325
0 C to 45.97 atomic percent (% Fe 5S6) 
at 600 0 C (Fig. 10.1). Confining pressures of up to 2kb did not move the 
solvus. Arnold stated that providing the pyrrhotite and pyrite coexisted 
in equilibrium and that the equilibrium pyrrhotite composition had not 
changed during subsequent geological events, then the method could be 
used to estimate temperatures of formation of naturally occurring pyrite-
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TABLE 10.1 
ELECTRON MICROPROBE ANALYSES OF PYRRHOTITES (ATOMIC %) 
1 2 3 4 5 
Fe 47.03 47.24 46.96 46.93 46.93 
S 52.97 52.76 53.04 53.07 53.07 
6 7 8 9 10 
Fe 46.91 46.92 46.99 46.75 47.38 
S 53.09 53.08 53.01 53.25 52.62 
11 12 13 14 15 
Fe 47.30 47.38 47.43 47.42 47.18 
S 52.70 52.62 52.57 52.58 52.82 
16 17 18 19 20 
Fe 46.70 !}6.92 46.93 47.07 47.05 
S 53.30 53.08 53.07 52.93 52.95 
21 22 23 24 
Fe 45.59 45.56 45.53 45.58 
S 54.41 54.44 54.47 54.42 
1 to 4 Gr¢sli. Borehole 7. Epidote amphibolite. 
5 to 9 Gr¢sli. Borehole II. Gneiss with hydrothermal alteration. 
10 to 14 Gr¢sli. Borehole 4. Gneiss with much hydrothermal 
alteration (gangue). 
15 to 17 Gr¢sli. Borehole 10. Hetagabbro. 
18 to 20 Gr¢sli. Borehole 6. Gneiss with no hydrothermal alteration. 
21 to 24 Eiker. Hassive sulphide ere. 
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TABLE 10.2 
ELECTRON MICROPROBE ANALYSES Of IRON IN SPHALERITES (MOLE % feS) 
1 12.7 15 13.3 
2 12.9 16 15.3 
3 14.0 17 14.6 
4 14.5 18 13.1 
5 12.8 19 13.0 
6 14.8 20 14.1 
7 12.9 21 13.3 
8 
, 
13.1 22 13.8 
9 12.3 23 15.0 
10 13.3 24 11. 5 
II 12.3 25 12.2 
12 12.7 26 11.6 
13 11.8 27 11.9 
14 13.1 28 12.7 
1 to 5 Gr~sli. Borehole 7. Epidote amphibolite. 
6 to 9 Gr~sli. Borehole 11. Gneiss with hydrothermal alteration. 
10 to 14 Gr¢sli. Borehole 4. Gneiss with much hydrothermal alteration. 
1::; +" \... -~ 19 Gr~sli. Borehole 10. Metagabbro. 
20 to 23 Gr¢sli. Borehole f, • Gneiss with no hydrothermal alteration. 
24 to 28 Eiker. Massive sulphide ore. 
Analyses 3, 4, 6, 10, 14, 16, 17, 23, 28 are of iron rich patches within 













u 800 Pyrrhotite \ 
0 \ 
Solid 
'" Solutions ~ .-
< 600 ex 
'" ~
~ 
'" Pyrrhotite Pyrl te ~
+ + 
Pyr I te LiqUid 
I 
~feS I FeS2~1 
200 l _1 
I J 
50.0 48.0 46.0 44.0 34.0 32.0 
ATOMIC PERCENT IRON 
FIG.10·1 Composition of pyrrhotite in equilibrium 
with pyrite versus temperature 
l from Arnold, 1962 ). 
202 
pyrrhotite deposits. 
Toulmin and Barton (1964) confirmed the solvus of Arnold by 
experiment and projected it down to 200oC. They also linked the 
fugacity of sulphur to temperature and composition. Arnold had made 
sure that his assemblages lay well within the pyrite-pyrrhotite field, 
so that the pyrrhotite composition could not be due to sulphur deficiency 
in the system. Toulmin and Barton associated both sulphur fugacity 
(fS ) and pyrrhotite activity (aFeS ) as follows: 
2 
= (70.03 - 85.83N)(1000/T - 1) + 39.30 11 - 0.9981N - 11.91 
and 
logloaFeS = 85.83(1000/T - 1)(1 - N + inN) + 39.30 11 - 0.9981N -
-1 I 32.23 tan h 1 - 0.9981N - 0.002 
where, N = mole fraction of FeS in pyrrhotite in the system 
= 2 x atom fraction of Fe in pYI'rhotite 
and, T = absolute temperature. 
The two quantities of sulphur fugacity and pyrrhotite activity are 
related by the Gibbs-Duhem equation: 
NFeS d.log aFeS = (NFeS - l)d.log fs 
2 
Thus, by varying the activity of sulphur in a system it :s possible, 
at a constant temperature (and pressure) to produce differing pyrrhotite 
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compositions. Toulmin and Barton showed this graphically (Figs. 10.2 
and 1003). In the present case, both fS2 and a FeS can be fixed providing 
the real or experimental system is buffered by the presence of pyrite. 
The reaction: 
has an equilibrium constant, K, which is derived as: 
K = where 
At any given temperature, the fugacity of sulphur and activity of 
pyrrhotite is fixed, as long as pyrrhotite and pyrite coexist in 
equilibrium. Addition of sulphur to the system will not change the 
fugacity, only the relative amounts of each phase. In a system where 
pyrite is not present, changes in sulphur fugacity result in changes 
in pyrrhotite composition to restore the original fugacity value at 
any given temperature. 
Froese and Gunter (1976) calculated that there was no substantial 
effect of pressure on the solvus (Fig. 10.4). Thus the thermometer 
appeared to be workable down to about 2000 C. However, Desborough 
and Carpenter (1965) cast doubt on the validity of the thermometer, since 
the pyrrhotite composition may not be unique at a given temperature, 
once the assemblage has cooled to below the beta-transformation line at 
around 31SoC (Fig. 10.5). They agreed that down to this temperature, 
pyrrhotite composition in equilibrium with pyrite is a function of 
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pyrite. According to their phase diagram, original compositions of 
pyrrhoti te more iron rich than 46.67 atomic pel'cent iron (Fe7S 8) would, 
on cooling to the beta-transformation, react to form an iron rich 
phase (~ 4S.6-49.0 atomic percent iron) and an iron deficient phase 
(Fe7SS). This low iron composition corresponds to a temperature of 
about 4700 C on the solvus curve and thus temperature values may be 
seriously in error using this method. For this pyrrhotite geothermometer 
to be applicable, Desborough and Carpenter stated that rapid quenching 
would be necessary to 'freeze-in' the system. They consider that the 
equilibration is too rapid down to the beta transformation for quenching 
to occur. Original compositions less iron rich than Fe7S8 would, on 
cooling, produce pyrrhotite of this composition plus pyrite. 
Pyrrhotites formed above the beta-transformation crystallize in 
the hexagonal system. At the beta-transformation, the resultant iron-
rich pyrrhotite is hexagonal, while the iron-poor (Fe7S8) form is mono-
clinic. X-ray diffractograms of pyrrhotites from Gr¢sli and Eiker 
show that both hexagonal and monoclinic (iron rich and iron poor) forms 
are present and that the pyrrhotites have thus cooled below the beta-
transformation line. 
Desborough and Carpenter also state that oxidation can produce iron 
deficient pyrrhotites, e.g. 
and that this redction can occur up to 600oC. They state that pyrrhotites 
more iron deficient than re7SS do not occur in nature. However, such 
PYl'rhotites do exist at Eikel'. They may be of two possible origins. 
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Firstly, they may have been produced by an even greater degree of 
oxidation, possibly produced at a later stage in the ore body's history 
(e.g. 
Secondly, these iron poor pyrrhotites may represent metastable assem-
blages at, or below, the beta-transformation line, where the slow 
kinetics of the reaction prevented the formation of Fe7Sa• 
Sawkins et al (1964) studied iron-deficient pyrrhotites deposited 
by hydrothermal fluids and found large discrepancies between the 
thermometer values and fluid inclusion values. In connection with 
this, Desborough and Carpenter state that reaction of a more iron-
rich pyrrhotite with sulphide rich solutions may well form iron-poor 
pyrrhotites. Limited hydrothermal remobilization of the Gr¢sli ores 
has occurred while oxidation of the ore deposit at Eiker is also evident. 
These localised processes plus the reactions occurring at the beta-
transformation line indicate that the values derived from this method 
may be of limited significance. 
10.3 THE SPHALERITE GEOTHERMOMETER 
This thermometer is concerned with the iron content of sphalerite 
in equilibrium with pyrite and pyrrhotite. Early work by Ku11erud 
(1953) on the FeS-ZnS solvus was in error because sulphur fugacity 
was not buffered in his experiments. Toulrnin and BartGn (1966) ran 
experiments using pyrrhotite sliding buffers to maintain the sulphur 
fugacity. The reaction of interest here is: 
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S2 + 2FeS (in sphalerite). 
The iron content of the sphalerite is directly linked to the 
sulphur fugacity, at a given temperature and pressure. Toulmin and 
Barton represented this graphically (Fig. 10.6). They calculated 
experimentally that the iron content of sphalerite rises from about 
13 mole percent FeS at 7420 C to 19 mole percent at 580°C (Fig. 10.7). 
From Fig. 10.7 it is evident that in using this thermometer, sphalerite 
must be in equilibrium with both pyrrhotite and pyrite, to define the 
U11i variant sol vus. TQulroin and Barton stated "most analyses of natural 
sphalerites, thought to have formed in equilibrium with pyrite and 
pyrrhotite well below 600°C show less than 20 mole percent FeS and 
there are some well-documented analyses with less than 12 mole percent. 
Thus we have strong reasons to suspect that the curve in fact does 
o reverse its slope below about 600 C." This fact casts serious doubt 
on the use of the thermometer. 
Subsequently, much experimental work was attempted to fix the 
solvus below about 580°C. Boorman (1967) overcame the difficulties 
of slow reaction rates below 5800 C by using halide fluxing techniques. 
He stated that the solvus was vertical from 6000 to 300°C with a fixed 
composition of about 21 mole percent FeS. Chernyshev and Anfilogov 
(1968) suggested that Boorman's experiments did not reach equilibrium 
and that the iron content (according to their experiments) increased 
dOWl1 to 250°C where it had a value of 31 mole percent FeS. Einaudi 
(1968) concluded that despite many extr~polations below 600°C it was 
by no means certain which, if any, of the lines was correct and that 
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Campbell and Williams (1968) attempted to evaluate the experimental 
information by a detailed study of the sphalerites from the 
Quemont Mine, Quebec. They concluded that their data best fitted 
the curve of Toulmin and Barton (1966), but that the pyrite and 
sphalerite had ceased to react at lower temperatures. Thus they dre\,l 
no conclusion about the lower part of the solvus. 
Boorman et al (1971) used new analytical techniques to overcome 
disequilibrium at lower temperatures and stated that the FeS content 
of sphalerite is fixed below 5500 C at 20.8 mole percent. Scott and 
Barnes (1971) ran experiments down to 3000 C. They agreed with the 
results of Boorman et al and stated that the content is fixed at 
o 20.7 + 0.6 mole percent below 550 C, thus making the thermometer useless 
below this temperature. Scott and Kissin (1973) suggested that below 
26SoC the solvus ceases to be vertical and, in fact, becomes strongly 
negative (Fig. 10.7). They stated that the reason for the reversal of 
slope was because, at lower temperatures, the pyrrhotites of the assem-
blage have higher sulphur contents. This results in an increase in 
the sulphur fugacity, which causes a decrease in the iron content of 
the sphalerites. Groves et al (1974) concluded that use of the therm-
ometer is rather speculative where low temperature re-equilibration 
may be possible. In fact, the reversal of the solvus makes the geo-
thermometer inapplicable in most cases. 
10.4 GEOBAROMETRY 
During their early work on the sphalerite geothermometer, Toulr.dn 
and Barton (1966) also calculated that the solvus would be shifted to 
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lower values with increasing pressure, since the presence of iron 
causes an increase in the volume of the sphalerite lattice. Scott 
and Barnes (1971) produced a graph of the effects of pressure on the 
iron content using calculations of theoretical pressure effects up to 
6kb and actual experimental runs up to lkb. They compared (with some 
success) their calculated pressures with those calculated from fluid 
inclusion studies for five natural occurrences. Scott (1973) experi-
mentally located the solvus isobars for the assemblage sphalerite-
pyrite-pyrrhotite between 3250 and 7100 C at 2.5, 5.0 and 7.5kb. lIe 
concluded that the geobarometer could be applied between the slope 
reversal in the solvus at 265°C/l bar and the three-phase invariant 
point for the assemblage at 7430 C/1 bar and 8100 C/5kb. Lusk et al 
(1975) examined actual sphalerite compositions from the Noranda mine, 
Quebec and concluded that the geobarometer should be further investi-
gated around 8kb in the range 3000 to 500oC. Scott (1976) analysed 
sphalerites from three mines in regionally metamorphosed terraines 
and using this geombarometer obtained values up to 5.7kb, which were 
in agreement with other pressure estimates. Lusk and Ford (1978) 
improved the geobarometer in the high pressure region and stated that 
it could be applied at least up to 10kb (Fig. 10.8). 
Scott and Barnes (1971) warned that sphalerites which have been 
metamorphosed below 5250 C are heterogeneous in their iron content and 
contain iron enriched patches. This heterogeneity is strongly dependent 
on temperature. They state that the patches may represent meta-stable 
high temperature polytypes of sphalerite. They produced a graph 
(Fig. 10.9) showing temperature versus difference in iron content 
between patches and host and stated that this may prove to be a useful 
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thermometer, although much work still needed to be done. 
10.5 APPLICATION OF THE METHODS TO THE ORES AT GR~SLI AND EIKER 
The use of the pyrite-pyrrhotite geothermometer (Arnold, 1962) is 
highly suspect. However, temperatures derived by using this method 
and by using the 'iron-rich patch' method of Scott and Barnes (1971) 
are presented in Tables 10.3 and 10.4. Pressure values are presented 
in Table 10.5. The supracrustal country rocks have undergone two 
phases of amphibolite facies metamorphism and the ores have also been 
subjected to at least one of these events and probably underwent the 
earlier Svecofennian event also. Thus it is reasonable 
to assume that all three phases were in equilibrium before cooling 
associated with the last metamorphism. Pyrrhotite probably re-
equilibrates very rapidly to lower temperatures, but Scott (1973) was 
of the opinion that unless sphalerite is deposited hydrothermally or 
heated to very high temperatures (possibly over 600°C) then it will 
not be in equilibrium with the other mineral phases. However, once 
equilibrated the kinetics of iron diffusion in the solid state inhibits 
a change in composition with cooling. Possibly on heating, during 
metamorphism, the sphalerite developed higher temperature patches, 
since the temperature was not high enough for total re-equilibration: 
these patche~not re-equilibrated on c~oling thus recorded the 
temperature of metamorphism. 
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TABLE 10.3 
FORMATION TEMPERATURE AS CALCULATED FROM THE PYRRHOTITE-PYRITE SOLVUS 
(OC) 
ANALYSIS TEMP. AVERAGE RANGE (2a) 
1 402 
2 343 





7 428 432 412 - 452 
8 412 
9 466 
10 BELOW 315 
11 322 
12 BELOW 315 
13 BELOW 315 
14 BELOW 315 
15 435 
16 489 462 435 - 489 
17 462 
18 520 








TABLE 10.3 continued 
1 to 4 ~sli. Borehole 7. 
5 to 9 G~sli. Borehole ll. 
10 to 14 Gr¢sli. Borehole 4. 
15 to 17 Gr¢sli. Borehole 10. 
18 to 20 Gr¢sli. Borehole 6. 
21 to 24 Eiker. 
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Epidote amphibolite. 
Gneiss with hydrothermal alteration. 
Gneiss with much hydrothermal 
alteration (gangue). 
Metagabbro. 
Gneiss with no hydrothermal alter-
ation. 
Massive sulphide ore. 
TABLE 10.4 
EQUILIBRATION TEMPERATURE AS CALCULATED FROM IRON PATCHES 
IN SPHALERITE cOe) 
ANALYSIS AVERAGE RANGE (2cr) 
1 461 450 - 484 
2 427 400 - 458 
3 473 425 - 535 
4 430 389 - 491 
5 453 424 - 496 
6 473 446 - 513 
1 Gr¢sli. Borehole 7. Epidote amphibolite. 
2 Gr¢sli. Borehole 11. Gneiss with hydrothermal alteration. . 
3 Gr¢sli. Borehole 4. Gneiss with much hydrothermal alter-
ation (gangue). 
4 Gr¢sli. Borehole 10. Metagabbro. 
5 Gr¢sli. Borehole 6. Gneiss with no hydrothermal alteration. 
6 Eiker. Massive sulphide ore. 
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TABLE 10.5 
EQUILIBRATION PRESSURE AS CALCULATED FROM SPHALERITE (kb) 
ANALYSIS PRESSURE AVERAGE RANGE (20) 
1 7.0 
2 6.8 
























26 8.3 7.8 7.2 - 8.4 
27 7.9 
28 7.0 221 
TABLE 10.5 continued 
1 to 5 Gr¢sli. Borehole 7. Epidote amphibolite. 
6 to 9 Gr¢sli. Borehole ll. Gneiss with hydrothermal alteration. 
10 to 14 Gr¢sli. Borehole 4. Gneiss with much hydrothermal al ter·-
ation. 
15 to 19 Gr¢sli. Borehole 10. Metagabbro. 
20 to 23 Grq$sli. Borehole 6. Gneiss with no hydrothermal alter-
ation. 
24 to 28 Eiker. Massive sulphide ore. 
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10.6 TEMPERATURE-PRESSURE VALUES AT GR~SLI AND EIKER 
Formation temperatures, derived by the pyrite-pyrrhotite solvus 
method~ range from over 5000 C to below 3150 C, for the Gr¢sli deposit. 
o 0 Temperatures using the sphalerite patches all gave 450 C ~ 20 C. 
Pressure calculations range from 5.5 to 7.1kb. These temperatures 
and pI'essures indicate a lower epidote-amphibolite grade equilibration 
of the ores. The five borehole samples analysed contain ores with 
differing histories. The ore sample from borehole 7 is contained in 
a low grade epidote-amphibolite, while that from borehole 10 is in a 
metagabbro. The specimens from boreholes 6 and 11 are in gneisses 
and that from borehole 4 is in gneiss replaced by gangue and ore 
minerals. The difference in the two temperatures obtained (by Golvus 
and iron-rich patch methods) for the sample from borehole 7 can be 
ascribed to the fact that, in the case of the pyrite-pyrrhotite geo-
thermometer, partial equilibration of the pyrrhotite towards the Fe7SS 
sub-beta transformation composition has occurred; slow reaction kinetics 
produced the present metastable composition which does not refer to 
the pyrrhotite-pyrite solvus position but to an equivalent composition 
along the beta-transformation line (Fig. 10.5). The same explanation 
can be applied to the other borehole specimens. 
The sample from borehole 4 contains ore material which has been 
highly remobilized by hydrothermal fluids, while the sample from 
borehole 6 contains are with no evidence of such processes. This fact 
may indicate that the ore in Lorehole 6 is in the least altered state. 
Since the specimen from borehole 4 is within the most hydrothermally 
al tered host rock of the gr'oup, the are may be expected to exhibit the 
most altered features. It is interesting in this context that, relative 
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to all other sample, the 'least altered' specimen contains pyrrhotites 
with the lowest iron contents and sphalerites with the highest iron 
values. Conversely, the 'most altered' specimen contains pyrrhotites 
with the highest iron content and sphalerites with the lowest iron 
values. It would appear therefore, that the iron has redistributed 
itself during the hydrothermal fluxing of the ores. 
The samples from the Eiker mine indicate temperatures of the epidote 
amphibolite facies but higher pressures than those of Gr¢sli. The large 
discrepancy between the pyrite-pyrrhotite temperature determinations 
and the much lower values of the iron-rich patch method, is explained 
by the fact that much oxidation of the ore body has occurred, und 
produced iron-poor pyrrhotites. 
10.7 CONCLUSIONS 
Due to the factors mentioned above, temperature calculations from 
the pyrite-pyrrhotite solvus must be considered of limited significance. 
Temperatures deduced from the iron-rich patches in the sphalerites must 
probably be treated as estimates. The method, of Scott and Barnes 
(1971), needs careful study and more experimental work to confirm their 
findings. One important factor is that their graph 1S drawn from data 
for experiments up to lkb only. The development of the iron-rich patches 
may be inhibited at higher pressure because of increased lattice size 
with increased iron content. Therefore, the patch-matrix differences 
may be smaller thall at 1 1<b, thus making the calculc1tecl temperature 
higher. This fact may explain results from the hydrothermally re-
cl,~posi ted ores at Gr¢sli, which were introduced after tlh~ epidotp.-
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amphibolite overprint and are greenschist facies mobilizations (as 
shown by the gangue minerals) but show temperatures in the epidote-
amphibolite facies. 
Pressure calculations must also be viewed with caution because 
of lack of equilibrium in the sphalerite crystals, but the Gr¢sli 
deposit appears to have been metamorphosed in the range of 5.5 to 
7.0kb while the Eiker ores have been affected at a slightly higher 
pressure of about 8kb. Even with very accurate analytical results, 
the slopes of curves used in the determinations are steep enough to 
produce substantial variations in estimates. This factor is shown up 
in the ranges of temperature and pressure in Tables 10.3 to 10.5. 
Despite the approximate nature of the results, they do indicate 
that the last event to affect the ores was a medium to low grade regional 
metamorphism. Fig. 10.10 shows the range of pressures and temperatures 
affecting the two mine areas. The Gr¢sli deposit has a range which is 
bisected by the 20oC/km geotherm which is considered as the average 
gradient for medium pressure regional metamorphism (Miyashiro, 1973) 
and corresponds to a depth of 20-25km. The Eiker deposit was meta-
morphosed in a slightly higher pressure regime between the 20oC/km 
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FIG.1O-10 Ranges of pressures and temperatures of metamorphism 
which affected the Grosli and Eiker deposits. 
CHAPTER ELEVEN 
THE ORIGINS OF THE ORE DEPOSITS 
11.1 INTRODUCTION 
The Precambrian supracrustals of the Kongsberg Series yield 
maximum radiometric dates of 1600 m.y.B.P. Rocks of this age have 
been involved in two regional metamorphisms at Middle to Upper 
Amphibolite facies grade, while microscopic evidence also strongly 
suggests that the ore deposits at Gr¢sli and Eiker have been involved 
in at least one and probably both of these events. The genesis of the 
ore body at G!'¢sli proves relatively less of a problem than that at 
Eiker in view of the evidence presented. Since the host rocks are so 
completely metamorphosed, their original characteristics (and hence 
the environments of deposition of the ore bodies) are difficult to 
determine. However, from the evidence given in the previous chapters, 
several environments and modes of deposition can be examined and 
discussed. 
Four possible origins are given below and will be examined in turn. 
The development of the ore bodies can be ascribed to both original and 
metamorphic features and various processes have contributed to their 
present form. 
The four possible origins are: 
l. An association with the basic intrusives. 
" A syn-volcanic origin. .... 
3. A hydrot ht'rTiial injection and/or replacement origin. 
4. A sedimentary d~positional origin. 
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11.2 AN ASSOCIATION WITH THE BASIC INTRUSIVES 
At both Gr¢sli and Eiker the sulphides are closely associated with 
the basic intrusives. At Gr¢sli the ore could be envisaged as a mag-
matic differentiate (since it often occupies interstices between cry-
stals in the gabbro), or as a late stage deposit (since sulphides some-
times vein the basic rock and are associated with heavy chloritization). 
At Eiker relationships are less clear because of the intense shearing 
of the ore deposit, but the occurrence of the ore could be seen as an 
accumulation in the amphibolite body. 
Basic rock-sulphide associations are world-wide and embrace some 
of the largest known deposits, including Sudbury (Ontario, Canada), 
Lynn Lake (Manitoba, Canada), Noril'sk (Siberia, U.S.S.R.) and 
Kotalahti (Sova, Finland). In Norway the nearest sulphides associated 
with coarse grained basic intrusives occur in the Ringerike and Barnble 
areas (see Fig. 11.1). 
Two very important differences exist between the ore deposits of 
Gr¢sli and Eiker and those given above. First, the basic rocks of the 
Ringerike and Bamble areas tend to be highly mafic with isolated 
developments of ultra-mafics. The intrusives at Gr¢sli and Eiker do 
not show any tendency towards ultra-mafic compositions, although the 
serpentinite pod present at Eiker may be indication of such rocks at 
depth. Second, and most important, is the concentration of nickel 
in the ore deposits. Stanton (1972) divides basic magmatic ore deposits 
into tHO groups; a chromium-nickel-platinoid association and an iron-
nickel-copper sulphide-platinoid association. The former group is 
essentially an oxide mineralization and not relevant to the present 









FIG.11.1 Sulphide deposits associated 
with basic intrusives. 
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areas and for the examples above which commonly contain pentlandite 
(not present at either Gr~sli or Eiker). These two latter areas thus 
contain far less nickel than is associated with deposits genetically 
linked to intrusive basic rocks. 
Further evidence is provided from field relationships, at least 
in the Gr¢sli deposit. In this area ore bodies occur in gneisses which 
show no evidence of alteration, to be expected if the ores originated 
from the basic body. There are no signs of an ore-feeder in the form 
of (fluid-borne) alteration channels or (sulphide magma) veins from 
gabbro to ore deposit through gneiss. 
Sulphide deposits occurring further east in the Modum district 
(Fig. 11.1) are located in supracrustal gneisses which have been 
intruded by large amphibolite bodies. The deposits here also show 
very low Ni/Cu ratios (Table 11.1) and are considered to be unrelated 
to the basic rocks surrounding them. Bugge (1978) suggested a possible 
volcanic exhalative origin for these deposits. Similar base metal 
deposits to those of Gr¢sli, which are not associated with any basic 
intrusives, occur in the south of the Kongsberg Series at Kisgruve 
(Fig. 11.1). These ar'e pyrite-chalcopyrite-pyrrhotite-stratabound ores 
occurring about 20 km S.S.E. of the Gr~sli deposit, and are the nearest 
deposits of their' type to Gr~sli. However, any suggestion that these 
two deposits may represent lateral equivalents is highly speculative. 
11.3 A SYN-VOLCANIC ORIGIN 
Both ore deposits could have been strata-bound Fe-Cu-Zn sulphides 
which have many features in common with the volcanic exh~lative or 
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TABLE 11.1 
Ni/Cu RATIOS OF BASIC ASSOCIATED ORES 
Deposit % Ni % Cu Ni/Cu 
1 Sudbury 1.62 1. 29 1.3 :1 
2 Lynn Lake 
3 "A plug" 1.20 0.60 2 :1 
4 "EL plug" 4.50 1. 50 3 :1 
5 Noril'sk 0.40 1.00 0.4 :1 
6 Kotalahti 0.80 0.30 3.8 :1 
7 Barnble 2.75 0.75 avo avo avo 3.7 :1 
8 Ringerike 
9 Gr¢sli 0.03 0.36 0.08:1 
10 Eiker 0.005 0.06 0.08:1 
11 Modum 0.02 0.15 0.10:1 
IDlalyses from Gr¢sli and Eiker (9 and 10) represent the highest Ni/Cu 
ratios of those two deposits. 
Anal. 1-6. From Stanton (1972). 
Anal. 7, 8, 11. From Bugge (1978). 
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volcanic marine stratiform and stratabound deposits recognized world-
wide. The genetic models of syn-volcanogenic ore deposits are diverse, 
involving differing host rocks deposited in differing environments in 
response to distinct plate tectonic settings and various stages in 
their evolution. A resume of the history of these theories and a 
definition of the terms used are thus first discussed. 
11. 3.1 Resume of previous work on syn-volcanic massive sulphide~ 
Earlier workers, especially De Baumont (1847), CJ.rstens (1919) 
and Ohashi (1919) had noticed the link between stratiform sulphide.'s 
and volcanic activity, but in the late 1950's theories of :;;edimentaYY, 
volcano-sedimentary and exhalative-sedimentary ore genesis began to 
gain increasing popularity. King et al (1953) were among the first 
to indicate these processes by suggesting the Broken Hill deposits of 
New South Wales to be sedimentary. Stanton (1955) further proposed a 
link between iron sulphide stratiform ores and volcanic-arc regimes, 
while Knight (1957) drew attention to the fact that many major ore 
deposits were spatially unrelated to any sizeable plutonic intrusions 
(necessary for magmatic or hydrothermal alternatives). 
Papers published by workers such as Oftedahl (1958), Williams 
(1960) and Kinkel (1962) further supported and strengthened the theories. 
In the following years much work was concerned with the actuLll modes 
of deposition and emplacement of these ores (e.g. Borchert, 1960; Vokes, 
1966; Kinkel, 1966; Smirnov, 1968 and Anderson, 1969). 
Stanton (1972) summarized the ideas on origins of the deposits 
aDd defined tHO principal theories. The first theory was that the 
deposits wer8 due to subsurface hydrothermal replacement of pre-existing 
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rocks. Stanton stated that variations on this major theme could be 
produced by examining the possible alternative origins of the metals 
and sulphur. The deposits could have been derived by replacement of 
host rock by both metal and sulphur from either plutonic intrusions 
or from leaching and lateral secretion of host rocks. Also, it is 
possible that pre-existing sedimentary iron sUlphides were substituted 
by metals from intrusions or leaching. Finally, sulphurous volcanic 
gas could have fixed the r.letals Hithin host rocks and thus formed 
sulphides. 
The second principal theory defined by Stanton was that the 
sulphides were sub-aqueous sedimentary deposits added contemporaneously 
to the host rocks. Variations on this theme again involve metal and 
sulphur derivation. The two may be derived entirely from sea water, 
the SUlphur being reduced from sulphate by bacteria. The metals may 
also be derived from continental erosion. Both sulphur and metals may 
have been derived from volcanic hot springs or deep geothermal brines.' 
Finally, sulphide may be formed within volcanic vents and emitted as 
suspensions, tuffs and breccias. 
The two alternative theories of formation are often very difficult 
to apply to given deposits, especially where an Ol)e has been meta-
morphosed, but Stanton favours the idea that most major ore deposits 
are either volcano-sedimentary or sedimentary in origin and not formed 
by late stage replacement of older host rocks. 
Vokes and Gale (1976) defined the deposits which have a direct 
genetic connection Hith volcanism as 'synvolcanic' or 'volcanogene', 
They considered that the ore deposits may have formed by one of two 
processes, either deposited from fluids derived from the volcanic magma 
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or deposited from connate and meteoric waters which leached host rocks. 
Recent research has involved the identification of the origin of ore 
forming solutions using stable isotopes (e.g. Sheppard, 1977), the 
study of geothermal models to elucidate cycles of water movement 
associated with volcanic mineralization (Henley and Thornley, 1979) 
and the behaviour of hot saline solutions on extrusion onto the sea 
floor (Turner and Gustafson, 1978). 
In the late 1960's interest turned to the tectonic environments 
associated with ore deposits. 5illitoe (1973) criticised earlier 
workers such as Gilmour (1971), Hutchinson and Hodder (1972) and Jenks 
(1971) for "application of imprecise geosynclinal terminology" to 
describe environments of ore formation. He stated that the deposits 
could be described in terms of constructive and destructive plate 
margins. Since the early 1970's workers have attempted to not only 
identify the plate-tectonic environment of particular ore deposits, 
but also to Classify groups of deposits, according to ore-host rock 
environments, petrology and chemistry and to relate these to specific 
plate-tectonic locations. In the identification of environments of 
individual ore deposits the two main considerations are the mineralogy/ 
chemistry of the ore deposit and the lithology/chemistry of the 
associated host rocks. In the latter case, the trace element chemistry 
of associated extrusives and intrusives (as developeed by Pearce and 
Cann, 1971, 1973) has proved very helpful in elucidating plate-tectonic 
regimes. 
Classification of ore deposits has proved more difficult as more 
deposits are becoming recognized as volcanogenic. Stanton (1972) was 
one of the first to notice distinct environmental associations dnd his 
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classifications, although somewhat subjective, used many of the chara-
cteristics which have been used by later workers (Table 11.2). He 
defined four groups, which merged into each other, according to whether 
the associated host rocks were volcanic, sedimentary or combinations 
of both. Where sedimentary rocks alone are present, Stanton stated 
that their depositional environments can vary tremendously, but are 
always of near-shore character. In his concluding statement he tended 
to the view that most of the cited deposits were tied to one phase of 
volcanism or another. 
Hutchinson (1973) (Table 11.3) used the major element chemistry of 
ores to group the deposits into one of three categories associated with 
distinct tectonic environments. Sawkins (1976) (Table 11.4) considered 
that the petrochemistry and lithology of host rocks were of much more 
importance and criticised Hutchinson's classification for lack of 
consistency in the occurrence of Pb, especially in Precambrian terrains. 
Sawkins' classification is very much in agreement with Stanton's in 
advocating a near-shore environment for the deposition of associated 
sediments. 
Vokes and Gale (1976) however, were sceptical of classifications 
such as those above. They considered that the knowledge of the true 
characteristics of 'type' ore deposits was still incomplete and that 
many of the so-called 'type deposits' might turn out to be atypical. 
They stated that as far as Scandinavian Caledonide ore deposits were 
concerned there were similarities to several 'type-deposits' (e.g. 
Kuroko, Besshi and Cyprus) but no complete analogy with any of them. 
A fUFther consideration relevant to such classifications is that 





TABLE 11.2. (after Stanton (1972). Simplified) 
TYPE 
SUlphides spatially related 
to sedimentary and volcanic 
features. 
SUlphides spatially related 
to volcanism but no specific 
sedimentary features. 
Sulphides spatially related 
to specific sedimentary 
features but no volcanism. 
Sulphides spatially related 
to no specific sedimentary 
or volcanic features. 
HOST ROCKS 
Pyroclastics: basalt to rhyo-
lite. Andesites/Dacites most 
EXAMPLES 
MacArthur R. 
common. Mt • I sa 
Limestones, dolomites, silts, 
shale. 
Pyroclastics: andesite to 
rhyolite. Calc-alkaline. 
Preferences usually for acid 
members, except Cyprus. 
Various: e.g. shales, bit-
uminous, calc, dolomitic. 
argillites, conglomerates, 
etc. 
Various: e.g. quartzites, 
calcareous argillites, silt-













Sub-aqueous marine or 
lacustrine - lagoonal. 
- shallow, putrid near 
shore basins 
- well flushed neritic or 
sub-littoral. 
















TABLE 11.3. (after Hutchinson (1973). Simplified) 
ASSOCIATED VOLCANIC 
ROCK TYPES 





Andesite to rhyolite 
intermediate to fel-




TYPE OF VOLCANISM AND 
SEDIMENTATION 
Deep sub-aqueous building to 
shallow volcanic domes. 
Chemical precipitates. 
Immature volcaniclastics. 
Sub-aqueous to sub-aereal 
explosive centres. 
Minor chemical ppts. 
Greywackes, shales, volcan-
iClastics corrrnon. 
Deep sub-aqueous fissure 
eruptions. Chemical pre-





















































Timmins, Ontario; Noranda, Quebec. 
United Verde, Arizona. 
Rambler, Newfoundland. 
West Shasta, California. 
Mt. Isa, Queensland; Errington and Vermillion, 
Sudbury, Ontario. 
Bathurst, New Brunswick. 











































contain more Pb.and 
sulphate gangue. 
Cu always dominates 
over Zn. 
Appear to be related 
to early geosynclinal 










Kuroko, E. Shasta. 
Troodos, Betts Cove, 




Kvikne, Elizabeth Mine. 
Sullivan, Mt. Isa. 
Rammelsberg, Ducktown. 
with time. This appears to be especially true in any comparison of 
Precambrian ores with those of the Phanerozoic. 
More recently Garson and Mitchell (1977) reviewed the types of 
mineralization occurring at destructive plate boundaries and indicated 
relationships between the ore types in terms of their relative time 
and spatial positions within mobile belts. Instead of stating precise 
chemical characteristics of the ore deposit and defining groups based 
on one "type" locality, they emphasised the broad tectonic environments 
and noted features of ancient deposits which appeared similar to those 
exhibited by present day examples. Of particular relevance to the 
present discussion (of the Gr¢sli and Eiker deposits) they cited the 
Kuroko deposits of Japan as island-arc mineralizations, and noted 
the wide variability of tectonic setting and chemistry. 
11. 3.2 Possible environment of the Gr¢sli deposit 
The ores at Gr¢sli are less problematical than those at Eiker. 
A genetic affinity to the Vinor bodies in the area appears very unlikely. 
The supracrustals could be mainly acid volcanics with a few inter-
banded sediments. The most suitable grouping according to Stanton's 
divisions (Table 11.2) is that of an association with volcanism but 
with none of the special features of sedimentation. The enclsoing 
rocks are also acidic and mostly calc-alkaline, both of which are in 
accordance with the described features. Table 11.4 indicates that the 
affinities may be with the Kuroko group of deposits except for the 
high Co/Ni ratios of the Gr¢sli rocks. The deposit is of the Zn-Cu-
pyrite grouping of Table 11.3 (after Hutchinson, 1973) and as such 
does not correspond to the Kuroko environment, as suggested in the 
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previous two classifications. However, the parameters used to dis-
tinguish between this group and the group of deposits which include 
the Kuroko-type ores are open to criticism. 
The primary difference between the two groups is the presence 
of Pb within the Kuroko type deposits. However, this element is known 
to be highly variable within these ores. Hutchinson states that Pb 
is low within Archaean deposits but higher in Proterozoic-Phanerozoic 
ores, while Sawkins (1976) stated that Pb was absent in Archaean ores 
and low in Proterozoic ores. Lambert and Sato (1974) note that a low 
Pb level is not uncommon in younger ores including some Miocence 
Japanese (Kuroko) deposits. With respect to the area under discussion, 
Hutchinson's two groupings (Pb-Cu-Zn-pyrite and Cu-Zn-pyrite) provide 
few criteria for discrimination. 
11. 3.3 Characteristics of Kuroko-type mineralization 
The Gr¢sli deposits could be related to convergent plate margin 
environments or their Precambrian equivalents. The characteristics 
of Kuroko ores and older deposits of similar affinity will therefore be 
surrunarized. There is much published work on the Japanese deposits 
concerned with individual localities and all the deposits as a group. 
Reviews of their features have been produced by Tatsumi et al (1970), 
Matsukuma and Horikoshi (1970), Lambert and Sato (1974) and Sato (1977). 
The deposits are stratiform bodies associated with underlying stock-
work ores and fissure-filling veins and are of Miocene age. The ore 
deposits are associated with waning phases of volcanic activity and 
with felsic tuffs, lavas and shallow intrusives, formed sub-aqueously 
i:-l shallow marine environments, pI'obably 100-200 m deep. The associated 
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igneous rocks are of calc-alkaline affinity and rhyolitic in composition 
(Tatsumi and Clark, 1972). 
Fig. 11.2 is a schematic representation of the formation of a 
'typical' ore body. Tatsumi and Watanabe (1971) considered the 
basal stockwork ore and vent breccia ore to be formed epigenetically 
by the movement of hydrothermal fluids up through the lava domes and 
tuffs. The bedded deposits formed syngenetically by precipitation 
where ore fluids emanated at the submarine surface. The formation of 
the ore bodies appears to be linked to the progressive differentiation 
of an intermediate composition magma. Initial volcanism is usually 
of andesitic affinity, passing through dacitic to rhyolitic types. 
The "white rhyolite" domes are the most highly differentiated of the 
sequence. Mineralization appears to be very rapid and restricted to 
narrow stratigraphic horizons. 
The ore deposits themselves are stratified and are characterized 
by their mineralogy and position in the sequence. 'Keiko' is the 
pyrite-chalcopyrite-quartz stockwork ore in which much of the original 
volcanic rock has been replaced by hydrothermally deposited silica. 
'Oko' is a pyrite-chalcopyrite ore with minor sphalerite, barite and 
quartz: it usually occurs below the dominant 'Kuroko' body which is 
of sphalerite-galena-chalcopyrite-barite-pyrite composition and forms 
the uppermost sulphide body. Barite ore and gypsum ore ('Sckkoko') 
are also present and occur above, or alongside, the Oko and Kuroko 
deposits. Lainbert and Sato (1974) point out that relative abundances 
of the ore types vary and in many cases one or more bed is missing. 
The sedimentary rocks associated with the Kuroko deposits appear 
to be variable clastics ranging from mudstones to sandstones and 
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FIG.11.2 Schematic diagrams of the stages 
of Kuroko ore formation (after Sato 1972) 
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immature volcaniclastics, all of shallow water type. The alteration 
of the host rocks associated with the mineralization will be discussed 
in the section concerned with the Eiker deposit (11. 2.4) . The Kuroko 
deposits thus form a wide range of ore types, all of which are not 
necessarily developed in one area. Essential to these deposits, however, 
is the intimate association of felsic volcanic rocks in a stratiform 
relationship with a sulphide ore body which may be composed of Fe-Zn-
Pb-Cu, Fe-Zn-Cu or Fe-Cu: all are submarine in origin. 
Metamorphism, especially on a regional scale, might be expected 
to obliterate the majority of features which characterize the modern 
Kuroko ores. However, based on ore-mineralogy and host rock chemistry, 
many ancient deposits have been suggested to be of Kuroko-type. 
Lambert and Sato (1974) give several examples of various ages. These 
include the Archaean Superior deposits of Canada, the Proterozoic 
Skellefte deposit in Sweden, the Palaeozoic Rio Tinto deposits of 
Spain and Portugal, the Palaeozoic Ores of New Brunswick in Canada ana 
the U.S.A. and the Palaeozoic Australian deposits at Rosebury, 
Mt. Lyell, Captain Flat, Woodlawn and Mt. Morgan. Further examples 
are given in Tables 11.2, 3 and 4. To these may be added the deposits 
of the Flin Flon-Snow Lake area, Canada, as described by Koo and 
~lossman (1975), the Bleida deposit, Morocco, as described by Leblanc 
and Billaud (1978) and the Mattagami Lake deposit, Canada (Roberts, 1975). 
There is a large amount of variability within these ore deposits 
as regards mineralogy and chemistry, particularly the presence or 
absence of Pb and pyrrhotite. Hutchinson (1973) considered that the 
lack of Pb, together with a dominance of chemically deposited sedi-
ments, was indicative of early eugeosynclinal or early subduction 
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environments while the presence of Pb, with a dominance of epiclastic 
sediments, indicated late eugeosynclinal or late subduction environments, 
typical of Kuroko deposits. Pb however, mayor may not be present 
for several reasons. Hutchinson himself considered that Pb was probably 
concentrated in the crust and that melting of lower crustal material 
rather than upper mantle (see Chapter Twelve) formed the Pb bearing 
deposits. 
Lambert and Sato (1974) considered that the low Pb values possibly 
result from the fact that andesites have low Pb/eu + Zn values and 
that the ores were formed either from fractionation of such a magma 
or from the leaching of andesitic hosts. Precambrian ores are often 
lacking in gypsum and barite deposits. Sangster (1972) considered 
that Precambrian seas had low sulphate contents possibly due, as 
Hutchinson (1973) suggested, to reducing conditions in the early Pre-
cambrian environment. 
Many Precambrian ores contain pyrrhotite and, in some cases, thi~ 
is considered primary (e.g. Lambert and Sato, 1974). Vokes (1962) 
noted that in the Norwegian Caledonides there were pyritic and pyr-
rhotitic stratiform sulphides and Vokes and Gale (1976) stated that 
most ores in low grade metamorphic areas were of pyritic type while 
those of higher grade areas had greater amounts of pyrhotite. 
In view of the variability that has been shown to exist in Kuroko 
type ores in Japan and within ancient stratabound sulphides associated 
with acid VOlcanics, it could be suggested that the Gr¢sli deposit is 
of similar affinity. The question of whether the ore was deposited 
in a Precambrian arc environment similar to that developed in Phan-
erozoic plate tectonics will be discussed in Chapter Twelve. 
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The lack of Ni in the sulphides argues against a basic segreg-
ational origin from a plutonic mass, while the presence of high values 
of Zn and the absence of supracrustal basic material in the supra-
crustal pile is strong evidence against a deposit as formed at con-
structive plate margins. Fig. 11.3 shows a plot of Cu against Zn for 
island-arc and constructive margin ores. It can be seen that the 
Gr¢sli ore falls into the former group. The recognition of the Kuroko 
type of environment is dependant on ore chemistry, volcanic host rock 
type and sedimentary host rock type. Since high grade metamorphism in 
the Gr¢sli area has affected original supracrustals, unequivocal argu-
ments cannot be made for the syn-volcanic origin (see remarks on the 
hydrothermal replacive alternative). 
11.3.4 Possible environment of the Eiker deposit 
The origin and depositional environment of the ore deposit at 
Eiker is more speculative owing to the nature of the enclosing supra-
crustals. Once again, the Ni/Cu ratios of the ores are too low and not 
consistent for a basic magmatic origin. However, depending on the 
precise interpretation of the interbanded supracrustals several environ-
ments of deposition can be envisaged within a general volcanogenic 
regime. Three questions arise concerning the origins of the supra-
crustals. Firstly, whether the amphibolites in the southern sub-area 
were laid down with the proto-gneisses or represent later intrusions. 
Secondly, whether the gneisses themselves are entirely volcanic (or 
volcaniclastic) or part sedimentary (i.e. continentally derived material). 
Thirdly, whether the Mg-rich rocks represent metamorphosed sediments 
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a) The Amphibolites 
Field and major element data suggests that the southern sub-area 
amphibolites are part of the supracrustal sequence, whereas the trace 
element data suggests that they may be later intrusives (see section 
9.5). 
Strike and dip gradations from gneiss, through hornblende gneiss, 
to amphibolite (in the southern sub-area) are taken as representing 
original facies changes in the supracrustal series: hence the amphi-
bolites are seen as an integral part of the supracrustal sequence. 
The amphibolites of the Eiker area can be seen from Table 9.1 to show 
variations from basic to more intermediate compositions. 
The interpretation of the origins and environments of the emplace-
ment of these amphibolites is difficult, especially since some con-
flicting evidence is present in the comparison of trace and major element 
data. The relative ages of the northern and southern sub-area groups 
cannot be unequivocally demonstrated since they are nowhere in contact' 
with each other. If the southern sub-area amphibolites are considered to 
be part of the supracrustal pile then they may be seen as the more 
intermediate members of a fractionation series, which might also have 
produced the Gr¢sli acidic gneisses. Support for this idea is evident 
in Fig. 11.4. One problem, however, about such an affinity is the 
fact that the possible Gr¢sli-Eiker trend line cuts the tholeiite/calc-
alkaline boundary as defined by Irvine and Baragar (1971). Mobility 
of alkalies during metamorphism may have played a part in producing 
the present trend. If this trend is valid, the most obvious factor 
is one of iron depletion (which becomes stronger with fractionation) 
and no iron enrichment. This trend has been used by Miyashiro (1974) 
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MgO 
to characterise calc-alkaline series of volcanic island arc rocks. 
The northern sub-area amphibolites on this plot occur well within the 
tholeiitic sector of Irvine and Baragar (1971) and appear to have 
greater links with the younger Gr¢sli 'Vinor' bodies. Thus, in such 
a case, the southern sub-area amphibolites would be older than those 
of the northern sub-area and of a different chemical lineage. 
Jacobsen and Heier (1978) dated the metamorphism of the quartzo-
feldspathic gneisses and interbedded amphibolites in the Kongsberg series 
at 1600-1500 m.y.B.P., whilst the intrusion of dioritic eneisses was 
dated at about 1520 m.y.B.P.: these were considered by Jacobsen (1975) 
to be of calc-alkaline affinity. He considered that the sequence of 
events in the Kongsberg series was as follows: 
a) ~ 1600. Deposition of island-arc sodic volcanics (basalts 
rhyolites) and some sedimentary rocks. 
b) ~ 1600 to 1500. 
dioritic rocks 
fennian) . 
c) ~ 1370 to 1200. 
tholeiites). 
d) ~ 1200 to 1100. 
Intrusion of calc-alkaline gabbroic to 
(1520): deformation and metamorphism (Sveco- . 
Intrusion of the 'Vinor' gabbros (olivine 
Second metamorphic episode (Sveconorwegian). 
The above sequence is in agreement with a :t 1600 m.y.B.P. age for the 
southern sub-area amphibolites and a ~ 1370 to 1200 m.y.B.P. age for 
the northern sub-area intrusives. 
Information conflicting with that of the AFM diagram (Fig. 11.4) 
is presented in the form of trace element plots of the amphibolites 
(Chapter Nine). The southern sub-area rocks appear to have 'mid-ocean 
ridge basalt' (MORB) characteristics, but with trends towards 'within 
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plate basalt' (WPB) types. The northern sub-area amphibolites appear 
to be transitional 'island-arc basalt'/MORB in their characteristics. 
Thus the AFM diagram and trace element data suggest differing origins 
for the two sub-area amphibolites. These two sets of data and field 
relationships strongly suggest that the northern and southern sub-
area amphibolites are of different age and/or origin. 
Considering the trace element data, the southern sub~area amphi-
bolites are of MORB/WPB type which have been identified by Pearce and 
Gale (1977) and Pearce (in press) as the products of rifting on con-
tinental margins similar to the Red Sea environment at present. The 
two northern sub-area amphibolite analyses appear to be of lAB com-
position but with transitional natures towards MORB characteristics 
described in rocks produced at divergent margins above subduction zones 
(Pearce and Gale, 1977). If the two groups are seen as being genet-
ically linked, then they can be related to the incipient opening of 
a back-arc basin above a subducting plate. Initially magmatism could' 
have occurred, cutting continental material (the metamorphosed supra-
crystals at Eiker) and producing the southern sub-area amphibolites. 
Further rifting may then have been associated with the northern sub-
area proto-amphibolite intrusions which have characteristics more in 
common with Cyprus type (IAB/MORB) volcanics. The amphibolites at 
Eiker, in this case, would be genetically unrelated to the ore deposit 
and older then the Gr¢sli basic intrusives. There are problems 
associated with this suggestion in that there is no evidence to support 
the existence of an isla~d arc environment after the Svecofennian. 
The southern sub-area amphibolites have trace-element characteristics 
similar to those of the G~sli 'Vinor' intrusives (as shown in a 
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comparison of Figs. 4.10 and 9.7). This is at variance with the AFM 
diagram (Fig. 11.4) which, although based on a small number of analyses, 
suggests a calc-alkaline affinity for the southern-sub-area amphibolites. 
With the northern sub-area amphibolites the trace element and the ArM 
data are equally at variance. The AFM data suggests a similar affinity 
to the 'Vinors' of the Gr¢sli area while trace element data suggests 
links with an island-arc environment. 
It is concluded that, in the absence of greater numbers of analyses 
for the Eiker amphibolites, the chemical data must be viewed with 
caution, and that no definite conclusions can be drawn from the analyses 
alone. Further, plate tectonic mechanisms of the present may have had 
very different counterparts in the Precambrian and trace element data 
may be indicative of somewhat different environments. The discordant 
contacts and intrusive shapes of the northern sub-area amphibolites 
obviously indicate these are later injections in the supracrustal 
gneisses. The question of whether these are 'Vinor' intrusives or 
earlier rocks cannot be answered in the absence of radiometric dating. 
The amphibolite body to the north of the shear zone at Eiker has been 
involved in high grade shearing which as responsible for the cata-
clastic textures in the supracrustals. Starmer (1977) stated that the 
main cataclasis at the Kongsberg Series western margin was almost 
complete when earliest 'Vinor' bodies were injected. Thus, if the 
high grade cataclasis is of the same age and if the northern sub-area 
amphibolites are 'Vinor' intrusives then they must represent very 
early intrusions of this phase. Such an age is supported by the 
position of the two analyses on the AFM plot. 
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b) The Gneisses 
Most of the intermediate and acidic gneisses plot well away from 
igneous trends (Chapter Nine). The obvious conclusion is these rocks 
were sediments such as Mg-rich shales, together with some greywackes 
or sandstones. Their relatively low Ca contents preclude dolomitic 
precursors as a source of high Mg values. However, it is possible 
that these rocks represent hydrothermally altered metamorphic equi-
valents of volcanic material. Indeed the Zr ppm versus Niggli si plot 
(Fig. 9.3) shows a very pronounced negative trend which suggests that 
these rocks represent primary igneous rocks or volcaniclastic deposits. 
If these rocks are compared with the two analyses (9 and 10) which 
do appear to be of volcanic affinity, then the main chemical differences 
are an increase in Mg, with a decrease in Ca and Na. These rocks are 
variable quartz-sericite-sillimanite-biotite-cordierite-garnet gneisses. 
Latvalahati (1979) working on Cn-Zn-Pb stratabound ores from the 
Aijala-Grijarvi area, S.W. Finland, stated that an areal "blanket" 
type of alteration existed around the ore deposits, consisting of 
cordierite bearing sericite and muscovite schists and gneisses, which 
were considered to be the more acid volcanics of a Kuroko type are 
deposit. Chemically the altered rocks have increased Mg, Fe, Mn and 
Ti and are depleted in Na. Huhtala (1979) and Helovuori (1979), 
studying similar are deposits from the Pyh~salmi and Pielavesi district 
in Finland also described a sequence of altered host rocks. Here, as 
a result of Mg addition, the acid volcanics and tuffaceous sediments 
had recrystallized as cordierite and garnet-cordierite gneisses. 
Cordierite-anthophyllite-garnet gneisses, anthophyllite-amphibolites 
and cummingtonite gneisses are the result of metamorphism of altered 
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mafic tuffs. Chemically, they stated, Ca and Na have been depleted 
while Fe, Mg and Al have increased in the alteration. Berge (1978) 
concluded that Mg concentration, in association with massive sulphide 
deposits of submarine volcanogenic origin, may be due to the reaction 
of volcanic rock with either sea water, or hydrothermal solutions 
accompanying volcanism, or both. 
Koo and Mossman (1975) showed that the wall rocks in the Flin Flon 
mine were Si, K and Na depleted, with associated Mg and Ca enrichment. 
They believed that the alteration resulted partly from metasomatism 
induced by shearing and partly from hydrothermal ore solutions. Alter-
ation of wall rocks at Mattagami Lake (Ontario) has resulted in the 
addition of Mg and Fe and a decrease in alkalies and sometimes Si. 
Lambert and Sato (1974), Tatsumi et al (1972) and Sangster (1974) 
all give examples of alteration associated with Kuroko-type deposits. 
Four zones are recognised; an outermost montmorillonite-zeolite zone 
is followed by a sericite-chlorite-pyrite zone and a sericite-chlorite~ 
quartz zone. Finally, closest to the ore body, there is a silicified 
zone containing some sericite and chlorite. Mg is enriched and Na is 
depleted in all zones: Ca is depleted in the zones adjacent to the ore 
body while Fe is slightly enriched in such zones. 
Stanton (1976) stated that the sillimanite gneisses of Broken Hill, 
Australia, could be accounted for by the addition, to a dacitic parent, 
of kaolinite and silica (associated with ore solutions): Ca and Na 
impoverishment accompanied by Fe, Mg and K enrichment could be due to 
clay mineral precipitation and feldspar breakdown again associated with 
hydrothermal activity. In this respect, the resultant rocks do not 
just represent hydrothermally altered volcanics, but hybrids formed by 
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the mixing of ore solution silicates and volcanic rocks altered by 
the same solutions. 
The rocks at Eiker, if they are considered to be originally yo/conic , 
show element enrichment and depletion patterns which are totally con-
sistent with the Kuroko type alteration patterns. This alteration is 
not developed at a distance from the ore deposit in the Eiker area. 
The single gneiss analysis (no. 2) which plots on the amphibolite trend 
in the Zr ppm versus Niggli si plot (Fig. 9.3) is a garnet-hornblende-
biotite gneiss and could possibly represent one of the bedded amphibolites 
which has been hydrothermally altered. 
The Mg-rich supracrustals are thus considered essentially volcanic 
rocks which have been hydrothermally altered. The rocks are essentially 
the same as those in the Gr¢sli region but are less acidic, representing 
rhyo-dacitic and dacitic compositions rather than rhyolitic rocKs. 
11. 4- A HYDROTHERMAL ORIGIN 
It has been shown in the last section that the ores may be considered 
as a combination of sedimentary, hydrothermal and volcanogene in the 
sense that they are submarine deposits laid down from hot solution~of 
volcanic origin. 
Hydrothermal fluids can be defined as "heated aqueous fluids with-
out implication as to origin" (Barnes, 1967). The term has already 
been used thus in the last section. However, in this section, it is 
utilised in a more strict sense to describe post-depositional host rock 
replacement with no volcanic associations. There are several periods 
in the history of the Gr¢sli and Eiker areas when the introduction of 
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the ores could have caused replacements of host rocks. (The only 
definite constraint on the date of the ore deposition is a pre-'Vinor' 
age with the subsequent high grade metamorphism.) 
Firstly, the ores may represent pre-Svecofennian replacements. 
In the absence of any categorical evidence against such an early hydro-
thermal replacive nature, it is important to emphasise the numerous 
features and similarities with Kuroko-type deposits (i.e. sucgesting 
the ores were laid down with the supracrustals). The same argument 
can be applied to any suggestion of a post-Svecofennian, pre-Sveco-
norwegian replacement. 
At Eiker, the shear zone is considered to be of the same age as 
the mylonite zones (at the Kongsberg Series western margin) and there-
fore the ore body here was formed before the Sveconorwegian orogeny. 
It could be argued that the shearing event facilitated the introduction 
of the ore fluids. There is little evidence against such a process, 
except the alteration features of the acidic supracrustals (which 
conform well with Kuroko-type alterations). It is suggested that in 
fact the ore was present before this shearing and represented a 
structural discontinuity which faciliated fracturing and shearing. 
Extensive metamorphic mobilization of pre-existing ore bodies is 
considered unlikely, although concentration of disseminated material 
by metamorphically activated fluids is considered a strong possibility 
by some workers (e.g. Mookherjee, 1970; White, 1968 and Sangster, 
1971). In the case of Gr¢sli and Eiker, microscopic evidence shows 
textures which are the result of metamorphic modification rather than 
mobilization of an existing ore body. Thus, in conclusion, hydrothermal 
replacement must be considered as unlikely and the weight of evidence 
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suggests a volcanogenic origin. 
11.5 A SEDIMENTARY ORIGIN 
Considering the fact that the supracrustals were largely acid 
volcanics and without the characteristic lithologies associated with 
sedimentary sulphide deposits such as the Roan and Mansfeld occurrences 
(as classified by Stanton, 1972 - see Table 11.2), the Gr¢sli and Eiker 




ENVIRONMENTAL MODELS OF ORE FORMATION AND CONCLUSIONS 
12.1 INTRODUCTION 
From the evidence presented and discussed in Chapter Eleven, it is 
concluded that the deposits at Gr~sli and Eiker most likely represent 
volcanogenic ores formed in Kuroko-type environments. The two deposits 
are now less than 30 km apart and despite folding, sub-vertical litho-
banding and cataclasis in some places, they could have formed in the 
same sub-marine basin and be related to the same volcanic suite, with 
increasing fractionation (acidity) of the rocks from Eiker to Gr¢sli. 
This chapter reviews the comparability of modern continental 
margin regimes with those thought to be operating in the Proterozoic, 
with particular reference to ore depositional environments. The chara-
cteristics of proximal and distal ore deposits of Kuroko-type and the 
effects of metamorphism on these characteristics will also be reviewed 
and discussed in terms of GP¢sli and Eiker. 
12.2 PROTEROZOIC PLATE TECTONICS 
The subject of crustal evolution in the Proterozoic is too large 
for discussion in the present context. The principal point of interest 
is whether ore deposition occurred in island-arc environments where 
active plate subduction was taking place. There are two opposing schools 
of thought on Proterozoic 'plate tectonics'. The first maintains that 
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plate movement took place in much the same way as it does at present. 
The second proposes that little or no horizontal movement of plates 
took place throughout the majority of the Proterozoic. 
Windley (1973) noted that Precambrian sediments, igneous intrusions, 
metamorphism, structures and mobile belts were significantly different 
from those of the Phanerozoic. He stated that since this is so, it 
might be expected that types of plates and plate movements were also 
different. He concluded that there is little evidence for extensive 
ocean-floor spreading in the Proterozoic and favoured intra-continental 
'plate' movements as the only manifestations of tectonics. Ringwood 
(1970) suggested that two processes have operated throughout geological 
time, to generate new crust. Firstly, subduction and fractional 
crystallization of new oceanic crust and secondly, vertical mass 
transport involving fractional melting of mantle material and the rise 
of magmas into the crust. Ringwood considered the second method to 
be more common in the Precambrian. Windley (1973) concluded that man~ 
of the mobile belts of the Proterozoic represented rifting of narrow 
intra-continental belts associated with the magmatism of Ringwood's 
vertical differentiation process. In contrast with the above opinions, 
Hoffman (1973), after studying the Coronation geosyncline in the 
Canadian shield, considered that the similarities with Phanerozoic 
Cordilleran-type geosynclines were so strong that modern plate-tectonics 
must have been operative in early Proterozoic times. Van Schmus (1976) 
also considered the processes similar to modern plate tectonics may 
have occurred early in the Proterozoic. 
Glikson (1976) considered that no ocean domains were developed 
during the early and mid-Proterozoic (2500 to 1000 m.y.B.P.) and that 
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consequently no continental drift occurred during this time span. He 
stated it was possible that a world-wide sialic crust existed during 
this period, formed by the nucleation of proto-continents.developed 
by recycling of the earlier (Archaean) oceanic crust. This cycling 
may have been in the form of down-buckling, or subduction, with 
resultant partial melting to form sialic material. 
At the end of the Archaean (2600 m.y.B.P.) a supercontinent con-
taining Africa, South America, North America and the Fennoscandian 
shield (Piper, 1976a) formed from the nucleation of smaller proto-
continents. Glikson (1976) suggested that this nucleation occurred 
as a result of cratonization, in situ, rather than as a result of any 
extensive drifting and continental collision while Piper (1976b), on 
the basis of palaeomagnetic evidence, maintained that this super-
continent then remained intact and static until it began to break-up 
around 1200 - 1000 m.y.B.P. (in Grenville-Sveconorwegian times). 
Metamorphism (including the Svecofennian) would thus have been related 
to high heat flows occurring within ensialic mobile belts. 
Addition of crustal material in such an environment would be 
largely by vertical differentiation, possibly through rifting systems 
as suggested by Glikson (Fig. 12.1) or by upwelling silicic currents 
as suggested by Shackleton (1973). This process has definite analogies 
with the origins suggested by Hutchinson (1973) for Archaean-Proterozoic 
stratabound ore deposits. He provided two models for the generation 
of Zn-Cu deposits in the Archaean and Pb-Zn-Cu deposits in the Prote-
rozoic. He considered that the Zn-Cu ores were derived from degassing 
of the mantle while their associated volcanics were the products of a 




FlO. 12·1 Crustal development In the Archaean 
and Proterozoic. (after Glikson, 1976) 
~ 2600 m.y.B.P. 
Development of downbuckling in the Archaean (A) gave 
rise to the formation of proto-continents (B) which then 
coalesced in situ to' form major Protero2'oic continents(C). 
Subsequent ensialic activity produced mobile belts. 
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(Fig. 12.2). The Pb-Zn-Cu ores were associated with volcanism, 
derived from the anatectic melting of a sialic crust which was much 
thicker in the Proterozoic (Fig. 12.3). 
The question of whether the Kongsberg Series magmas developed 
from thick Proterozoic crust, or directly from differentiation of the 
mantle is considered in section 12.4. The important factor, however, 
is that the vertical mass transport process (without plate-tectonics 
and subduction) appears to be a possible mechanism for the origin of 
the Gr¢sli and Eiker deposits. 
Much research has suggested that continental drift did occur 
during the Proterozoic. Much argument has revolved around the 
Grenville mobile belt and it has been suggested that it was the result 
of continental collision (Dewey and Burke, 1973). Palaeomagnetic 
evidence from Irving and McGlynn (1976) suggested that continental 
collision occurred, while Baer (1976) and Wynne-Edwards (1976) both 
suggested that rifting was followed by contraction and collision to 
form the Grenville belt. 
Chase and Gilmer (1973) likewise considered that the mid-continent 
gravity high running from Lake Superior to Kansas was associated with 
volcanics similar to ocean tholeiites and gabbros. They 
considered that the rifting was due to the oblique collision of the 
Grenville plate with the North American plate 1300 - 1100 m.y.B.P. as 
suggested by Donaldson and Irving (1972). Hietanen (1975) also 
suggested an island-arc environment for the Fennoscandian shield in 
the Proterozoic (Fig. 12.4). Sutton (1976) considered that both 
ensialic orogenesis and sea floor spreading (with destruction of oceanic 
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The above resume indicates that there is still active argument 
over the role of plate tectonics in the Proterozoic. Windley (1977) 
noted that it seems possible that early Proterozoic Cu-Pb-Zn deposits 
of volcanogenic origin formed in the first active continental margins 
similar to those of the Mesozoic. However, he concluded that lithe role 
of plate-tectonics during the period 2500 - 1000 m.y. ago is poorly 
understood and thus controversial". 
It is generally agreed that the Proterozoic supercontinent started 
to break-up 1200 - 1000 m.y. ago and that this separation continued 
until around 850 m.y. ago. In the Grenville province this break-up 
was accompanied by the intrusion of many igneous rock types including 
basalts, dolerite dykes, Rapikivi granites, alkaline complexes and 
carbonatites. 
The 'Vinor' basic intrusives may represent equivalents in the 
Fennoscandian block. That the separation was short lived in this area 
is evinced by the fact that the Sveconorwegian orogeny took place very 
shortly afterwards. The 'Vinor' intrusives (and associated 'hyperites' 
of the Barnble region) may well have been associated with the continental 
rifting of Grenvillian age (as described by Baer, l-lynne-dwards, Chase 
and Gilmer). The rifting failed fairly soon after its conception and 
the continental crust was involved in the Sveconorwegian orogeny after 
relatively little drift. 
In conclusion, there is good evidence both for and against 'modern' 
plate tectonic movement in the Proterozoic. Consequently, origins for 
stratabound Cu-Zn-Fe sulphides of VOlcanogenic origin cun be thought 
of both in terms of Kuroko-type and vertical differentiation type 
models. 
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12.3 PROXIMAL AND DISTAL CHARACTERISTICS OF KUROKO DEPOSITS 
The spatial relationship of the ore deposit to the volcanic vent 
is considered in this section. The characteristics of proximal and 
distal deposits are taken from work on Kuroko-type areas. However. 
the features might be considered to develop in any submarine environment 
where acidic volcanogenic activity is occurring. Thus, characteristics 
may be expected to be similar in both the genetic models outlined in 
the last section. 
The Gr¢sli and Eiker deposits are now less than 30 km apart. Their 
original spatial relationship is extremely difficult to assess. The 
extent of crustal shortening in the Kongsberg Series has not been 
estimated, but may well be considerable, in view of the fact that the 
series has undergone two major orogenic episodes. The respective strati-
graphic level of each deposit is likewise unknown, and if transposition 
of the litho-banding has taken place, the deposits might even be lateral 
equivalents. However, since silicate-rock lithologies and the relative 
ages of the ores show some similarities in both areas, the two deposits 
may be genetically linked and may even have been deposited in the same 
marine basin. In this case, determination of proximal and distal chara-
cteristics would indicate the position of the volcanic centre associated 
with the ore forming solutions, assuming that the two ore deposits are 
not transposed lateral equivalents. 
Colley (1976) examined undeformed Kuroko stratabound deposits from 
Fiji, and identified five types of deposit characterised by their 
proximity to the exhalative centre. The spatial relationships of each 
type are shown in Fig. 12.5. Type I deposits are deep level feeder 
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FIG. 12·5 Model showing position of various kinds of Kuroko - type 
deposits within a volcano - sedimentary succession. (after Colley, 1976) 
the feeder complex reaches the surface and forms an exhalative centre. 
The ore bodies are in the form of small pods or pipes which pass 
vertically down into stockwork ore. They occur in the immediate 
vicinity of the feeder vent. Type III deposits (including the 'classic' 
Kuroko bodies) have an almost identical setting to the type II deposits 
except that the ore body is near horizontal and lenticular. Colley 
considered these deposits to be formed on the slopes surrounding the 
exhalative centre. Stockwork ore and altered country rock around 
feeder channels occur below the ore body. 
Type IV deposits are also stratabound but occur away from feeder 
complexes and result from ore solutions moving away from the eruptive 
centre before precipitating their metals. Colley also pointed out 
that these deposits could form from weak and diffuse fumarolic activity 
so that no definite alteration channels were formed. Type V deposits 
are similar to type IV ores in being remote from a feeder complex. 
They may form in the same way as type IV deposits, but at even greater 
distances from the exhalative centre, or they may form from the re-
working of other deposits (types I to IV) which were then deposited in 
deeper marine basins. In either case, type V deposits may be expected 
to occur associated with predominantly sedimentary rocks, while the 
first four types occur in an essentially volcanic host rock. 
In this classification, types I, II and III deposits can be 
considered proximal while type V deposits are obviously distal. 
Type IV deposits could fall into either category. 
Large (1977) discussed proximal and distal ore deposits in terms 
of their chemical evolution. He considered that temperature, pH, f02 
and concentration of total dissolved SUlphur in the ore fluids were 
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the important factors controlling the behaviour of that fluid and its 
ability to hold base metals. He stated that there were two distinct 
environments of ore transport. Firstly, reduced, high temperature 
(above 27SoC) conditions in which the fluid pH was acid to neutral. 
Secondly, oxidising conditions at any temperature and any pH. Proximal 
ores were deposited when ore solutions mixed with sea water, which 
resulted in a change from the first to the second environment. Distal 
ores were deposited from lower temperature, oxidising solutions within 
the second environment which suffered a drop in f02 or increase in 
temperature. 
As a result of experiments on mineral-solution equilibria in the 
Fe-S-O system, Large (1977) concluded that banded pyritic Pb-Zn-Cu ores 
ranged across the proximal-distal division and generally resulted from 
direct precipitation onto the sea floor. He also compared the Archaean 
Cu-Zn and Kuroko Pb-Zn-Cu deposits and considered that their ore 
solution chemistries were probably very similar except for two points: 
Firstly, the absence of Pb in Archaean deposits which was due to the 
lack of this element in the ore forming fluids. (Zn and Pb behave 
very similarly under varying physico-chemical conditions and any Pb 
present may be expected to have formed galena along with the sphalerite.) 
Secondly, the predominance of pyrite in Kuroko type ores and of pyr-
rhotite in Archaean ores, was probably a result of lower total dis-
solved sulphur contents in the Archaean solutions. 
Large (1977) concluded that Archaean ores were all of proximal 
type, since the seas of that period were of a reducing nature which 
prevented the transport of base metals away from the hydrothermal 
outlet. However, Windley (1977) considered that by 1700 m.y.B.P. 
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the oxygen level of the oceans was increasing rapidly due to the 
activity of primitive organisms such as blue-green algae. Thus Larce's 
explanation for the absence of distal ore deposits may not have been 
applicable for the Proterozoic. 
Windley also stated that Pb-Zn-Cu ores of Kuroko type chemistry 
were present by the early Proterozoic. Thus, it was probable that 
both proximal and distal ores were capable of being formed at this 
time. Accordingly, the Gr¢sli and Eiker deposits must be consider'ed 
from both possible viewpoints. 
Plimer (1978) related environment of deposition to the proximity 
of the volcanic centre. He stated that, with increasing distarlce from 
the vent, the Fe, CU and S content of the base metal d('!posi ts decreased 
while the Zn, Pb, Ag, ~ln, Ba and f content increas'~d. The tr'end fr'om 
eu domination to Pb-Zn domination, he considered to be the result of 
increased mixing of sea water with ore fluids, away from the vent. He 
stated that the host rocks of proximal deposits were altered so that . 
their MgO, feO, S and base metal values were substantially increased, 
with minor additions of K20 and Si02• Distal rocks, however, showed 
slight additions of K20, MnO, Ti02 , feO and base metals, with slight 
depletions of MgO, Na20 and CaO in both environments. Summaries of 
the change in ore character with distance from the exhalative centre 
are reproduced in figs. 12.6 and 12.7. The chemistry of the are 
deposits is presented in Table 12.1. 
rinlow-Bates et al (1977) and Plimer and ['inlow-Bates (lg78) 
::onsidered the dominance of pyrite or pyrrhotite in terms of deposi tional 
history. Previous authors (includioE McDonald, 1967; Vokes, 1969 and 
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TABLE 12.1 
MAJOR AND TRACE ELEMENT CHEMISTRY OF THE GR0SLI AND EIKER MASSIVE ORES 
(Major elements - Fe, Zn, Cu - in wt%; trace elements in ppm) 
Fe Zn Cu 
1 42.84 2.64 0.98 
2 46.61 4.02 0.06 
3 40.60 2.91 3.08 
4 35.01 5.95 1.07 
S 39.47 6.13 0.19 
6 40.58 1.97 5.86 
7 32.06 5.16 0.55 
8 26.32 0.84 15.69 
9 46.64 14.10 3.02 
10 39.60 2.79 18.75 
11 44.55 9.74 1.83 
12 39.03 19.63 0.88 
13 47.27 8.98 1.54 
14 47.92 11.13 0.59 
15 50.90 8.47 1.23 
16 45.49 11. 74 0.89 
17 42.57 9.96 1.55 
18 39.98 16.73 0.36 
19 53.54 3.12 0.47 
Anal. 1 to 8. Eiker 
Anal. 9 to 19. Gr~sli 






















Ti Co Mn Ni Cd Pb 
148 181 2659 26 12 N.D. 
199 43 1333 45 6 N.D. 
113 285 316 31 N.D. N.D. 
237 197 2650 28 58 N.D. 
157 200 2575 52 31 N.D. 
125 262 2138 19 6 N.D. 
478 201 4211 32 N.D. N.D. 
546 28 1248 16 N.D. N.D. 
1 339 408 273 514 10 
3 434 161 135 111 N.D. 
N.D. 500 341 30 394 65 
N.D. 62 228 106 640 N.D. 
63 425 543 150 352 N.D. 
277 69 225 314 367 N.D. 
53 81 148 362 377 N.D. 
N.D. 554 382 298 961 N.D. 
1262 56 891 231 333 N.D. 
N.D. 66 296 261 502 N.D. 
N.D. 59 340 146 87 50 
during metamorphism. Plimer and Finlow-Bates stated that both species 
could be primary in nature and that their formation was a function of 
sea-water depth and sulphur concentration. Shallow water (less than 
500 m) and higher sulphur levels would favour pyrite, while deeper 
water and low sulphur levels would favour pyrrhotite. They cited the 
Sullivan and Broken Hill deposits, which have sedimentary host rocks, 
as examples of deep water deposits. On the other hand, Kuroko and 
Canadian Archaean deposits were considered of shallow water type, 
characterised by mainly volcanic host rocks. The deposits of Gr¢sli 
and Eiker have been considered to have similarities with the Kuroko-
type deposits; thus the preponderance of pyrrhotite at Gr¢sli might 
be seen as a result of low sulphur species concentrations. 
Analysis of the Gr¢sli and Eiker deposits in terms of proximal 
and distal characteristics is presented in Table 12.2. The table 
suggests very strongly that the Gr¢sli ores represent more distal 
type deposits than the Eiker ores. The strongest evidence for this 
conclusion is the presence of altered host rocks at Eiker while no 
such equivalents occur at Gr¢sli. The predominance of pyrrhotite at 
Gr¢sli and pyrite at Eiker also appear to be a primary feature rather 
than one produced by metamorphism. 
12.4 CONCLUSIONS 
Since the Gr¢sli and Eiker occurrences show many similarities 
with the Kuroko-type deposits, it is suggested that they were formed 
as a part of late stage, submarine volcanic activity of an intermediate 





TABLE 12.2. COMPARISON OF 'PROXIMAL' AND 'DISTAL' FEATURES OF GR0SLI AND EIKER 
GR0SLI 
FEATURE RELATIVE POSITION 
Cu 
Cu+Zn = 0.16 
Pyrrhotite dominant 
No significant enrichment 





















Host rocks enriched 
in MgO. 
Rb = 1.51 
Sr 
It is suggested that the Eiker deposit formed relatively close 
to the exhalative centre as a type III deposit of Colley's classification. 
The host rocks~e original volcanics, altered by hydrothermal ore 
solutions, which increased their magnesia content. The interbedded 
more-basic rocks in the Eiker area ~ of basaltic-andesitic nature 
and are considered to represent earlier differentiates of the supra-
crustal sequence. 
The ore body at Gr¢sli is considered to be a more distal type of 
deposit akin to the type IV deposit of Colley's classification. The 
predominance of pyrrhotite over pyrite suggests that this ore may have 
been deposited in somewhat deeper water than the Eiker deposit. The 
presence of probable sedimentary rocks in the sequence at Gr¢sli also 
indicates a more distal origin for this deposit. 
Information about the exact relationship between these two deposits 
is sparse. They are both of the same age and have undergone the same 
metamorphic events of the Kongsberg Series block. If the two deposits' 
are viewed as synchronous then there was an east to west succession 
to more acidic host rocks. 
In the opinion of Jacobsen and Heier (1978), the supracrustal 
sequences were deposited directly as mantle derived volcanics, 
immediately prior to the Svecofennian orogeny, during which the rocks 
underwent upper amphibolite grade metamorphism. The effects of this 
event are preserved in the supracrustals at Eiker (the supracrustals 
at Gr¢sli did not have bulk chemistries which allowed the development 
of characteristic minerals). In the ore deposits, because of their 
readiness to recrystallize, subsequent events have obliterated the 
features of this metamorphic event. During the Svecofennian, amphi-
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bolite and dioritic bodies were intruded throughout the Kongsberg Series. 
This is therefore the earliest possible date for the intrusion of the 
large amphibolite bodies at Eiker. 
The next major event was the intrusion of a group of gabbroic bodies. 
These 'Vinor' intrusives form the basic bodies at Gr¢sli, which intruded 
through (and partly assimilated) the ore deposit. At Eiker, the amphi-
bolites may be of early 'Vinor' age. A younger metagabbro body and fine 
grained amphibolite dykes are of identical character to the intrusions 
at Gr¢sli. The 'Vinor' intrusive event spanned the commencement of 
the Mid-Amphibolite facies metamorphism of the Sveconorwegian orogeny 
and also followed the shearing which developed the major mylonite zone 
on the west of the Kongsberg Series. This shearing event also produced 
dislocation along the Eiker ore deposit. The intrusives at Gr¢sli show 
no cataclastic features, while those at Eiker were involved in the 
* shearing, again possibly indicating the greater age of the Eiker intrusives. 
The 'Vinor' intrusives at Gr¢sli have MORB trace element chara-
cteristics, while those at Eiker have transitional lAT/MORB characters. 
The intrusive event is considered to be an effect of a short period of 
tensional plate movement prior to the Sveconorwegian orogeny. Incipient 
rifting allowed the intrusion of the gabbroic bodies. Commencement of 
the Sveconorwegian orogeny caused abortion of the rifting. There is 
a succession of intrusive rocks east-west across the Kongsberg Series 
which may be explained by the movement of a mantle plume westwards with 
time. The 'Vinor' intrusions occurred on the tensional side of this 
plume as it travelled westwards across the series. Thus, the large 
Footnote: A N-S zone of mylonite and ultramylonite of the same relative 
age as that at the western margin has recently been found some 2 km east 
of Eiker (Starmer, Norsk.Geol.Tidssk., 1980, in press). 
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'Vinor' bodies could be suggested to decrease in age westwards: this 
is consistent with the view on the relative age of the basic rocks at 
Eiker and Gr~sli. 
At ~sli, Sveconorwegian metamorphism produced large pyrite 
porphyroblasts, while self-annealed mylonites were formed in the 
Eiker deposit. The metamorphic event led to the development of a 
large grain size within both ore deposits. A succession of lower grade 
events then affected the Kongsberg Series. An Epidote-Amphibolite 
overprint was heavier in the west than in the east, with the production 
of epidote-rich rocks in the Gr¢sli area. This event also fixed the 
geothermometers and the geobarometers of the two ore deposits. Below 
this grade it is assumed that kinetics prevented any further reaction 
of the ores at lower temperatures and pressures. 
Greenschist grade effects were of a brittle nature and shearing 
occurred at both ~sli and Eiker, with fracturing of both ore and 
silicate. The ores at Eiker were subsequently partially recrystallizea 
while those at Gr¢sli underwent no such later changes. At Eiker 
movement at this metamorphic grade caused rejuvenation of the higher 
grade Sveconorwegian shear. Fluid activity was extensive within the 
shear zone at this stage causing chloritization and carbonatization. 
At Gr¢sli alteration haloes were caused by minor re-solution of the 
ore bodies to produce chloritic rocks in the vicinity of the ore bodies, 
while similar re-mobilization occurred in the Eiker shear zones. Thus 
although the ore bodies at Gr¢sli and Eiker have suffered two high 
grade metamorphic events, late stage and lower grade deformations and 
alterations have largely obliterated the higher grade textures, part-
icularly at Eiker. The present ore-silicate associations appear, at 
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first, to be of low grade type. The successive deformations could 
have broken stratabound ores which were present in the original supra-
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